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A B S T R A C T
The m edical e le c t r o n  l in e a r  a c c e le r a to r  h as  been in  g e n e ra l use  
f o r  ra d io th e ra p y  s in c e  th e  e a r ly  n in e te e n - s ix t i e s ,  b u t i n  r e c e n t  y e a rs  
a  number o f  m anu fac tu re rs  have in c re a se d  th e  maximum e le c tro n  energy 
above th e  8 MeV th re sh o ld  f o r  n eu tro n  p ro d u c tio n .
The In tern a tio n a l E lec tro tech n ica l Commission (IEC) formed Sub 
Committee 62 C to  in s t i t u t e  s a fe ty  recommendations fo r  h igh energy 
machines, and in  September 1975, “th© p r in c ip le  o f  a maximum neutron con­
tam ination l e v e l ,  was e s ta b lish e d .
The le v e l  chosen was an a r b i t r a r y ,  in te r im  v a lu e  and i t  was re c o g n ise d  
by th e  Committee th a t  t h i s  v a lu e  would change when more in fo rm a tio n  
became a v a i la b le .  The la c k  o f  im m ediate in fo rm a tio n  was due to  th e  ; '•  
extrem e d i f f i c u l t y  i n  m easuring p u lsed  n eu tro n s  o f  a wide ran g e  o f  
e n e rg ie s  i n  a  v e ry  h igh  gamma ra y  and RP environm ent.
T h is th e s i s  i s  a  re c o rd  o f  a l l  a sp e c ts  o f  n eu tro n  p ro d u c tio n  o f  one 
p a r t i c u la r  make o f  m achine, th e  MEL SL75~*20, i n  o rd e r  to  s a t i s f y  th e  
IEC: re q u ire m e n t:f o r  in fo rm a tio n .
The r e s u l t s  show th a t  th e  maximum in te r im  v a lu e  o f  n e u tro n  contam in­
a t io n  was o p t im is t i c a l ly  low, and u n le s s  m easures were tak en  to  red u ce  
th e  n eu tro n  p ro d u c tio n , i t  was u n l ik e ly  th a t  any m achine, i r r e s p e c t iv e  o f  
m an u fac tu re r, u s in g  s ta n d a rd  t a r g e t ,  p rim ary  c o ll im a to r  and f l a t t e n i n g  
f i l t e r  m a te r ia ls ,  cou ld  comply w ith  th e  recom m endations.
The r e s u l t s  a ls o  show th a t  i f  a tre a tm e n t room la b y r in th  was d esigned  
o n  t r a d i t i o n a l  p r in c ip le s  c o n s id e rin g  on ly  h ig h  energy tre a tm e n t beam 
gamma s c a t te r in g ,  th e  f a c i l i t y  would f a i l  to  m eet th e  S ealed  Sources 
r e g u la t io n s  fo r  an ad eq u a te ly  s h ie ld e d  compound a t  ty p ic a l  tre a tm e n t beam 
i n t e n s i t i e s ,  i n  view o f  th e  a d d i t io n a l  r a d ia t io n  from n eu tro n  s tream in g  
and subsequent n eu tro n  a b s o rp tio n  e f f e c t s .
I t  i s  shown th a t  b o th  th e  p a t i e n t  dose and th e  hazard  to  s t a f f ,  a r i s ­
in g  from n eu tro n  p ro d u c tio n , oan be s u b s ta n t ia l ly  reduced  a t  v e ry  l i t t l e  
c o s t .
The a b i l i t y  to  produce n eu tro n s  i n  a h o s p i ta l  environm ent could  "be 
most u s e f u l ,  and i t  i s  shown th a t  u s in g  th e  experim en ta l beam f a c i l t y  
a s  a n e u tro n  so u rce , th e  l in e a r  a c c e le r a to r  cou ld  be used f o r  d ia g n o s tic  
in v e s t ig a t io n s  on body t i s s u e s  and f lu i d s .
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CHAPTER 1
IETRODUCTIOIT.
1 .1 .  THE ADVERT OP THE MEDICAL LIBEAR ACCELERATOR
I d e a l ly ,  th e  aim o f  ra d io th e ra p y  i s  to  produce maximum damage 
to  tumour c e l l s  which a re  grow ing abnorm ally , w ith o u t c au s in g  
s ig n i f i c a n t  damage to  th e  su rro u n d in g  h e a lth y  t i s s u e .  F o r tu i to u s ly ,  
c e l l s  undergoing  r a p id  d iv is io n : a r e  more s e n s i t iv e  to  damage by 
r a d ia t io n  th an  c e l l s  d iv id in g  a t  a  slow er r a t e .  T h e re fo re , th e  
abnorm ally  f a s t  growth r a t e  o f  a  tumour makes i t  p a r t i c u l a r l y  
s u s c e p t ib le  to  r a d ia t io n  damage. S u ccessfu l ra d io th e ra p y  tre a tm e n t 
r e q u ire s  th e  absorbed dose to  th e  tumour to  be r e l a t i v e l y  h igh  compared 
to  t h a t  d e liv e re d  to  h e a lth y  c e l l s .
The m a jo r ity  o f  tumours a re  i r r a d i a t e d  by a  narrow  beam o f  
r a d i a t io n  d ire c te d  a t  th e  p a t i e n t ’s body, th e  beam a c tu a l ly  p a s s in g  
th rough  th e  tum our. H ith  d ee p -sea ted  tum ours, th'e problem  i s  t h a t  
th e  r a d ia tio n -  dose re a c h in g  th e  a re a  to  be t r e a te d ,  can b e , w ith  low 
energy so u rc e s , a r e l a t i v e l y  sm all p e rcen tag e  o f  th e  dose to  h e a lth y  
t i s s u e  n e a re r  th e  s u r f a c e .  F or t h i s  re a so n , f o r  many y e a rs  i t  has  
been common: p r a c t ic e  to  use gamma ra y s  from ^ C o  so u rc e s , th e  
e f f e c t iv e  energy b e in g  j u s t  over 1 MeV.
The need f o r  g r e a te r  dep th -d o se  p e rcen tag e  r e q u ir e s  th e  use  o f  
h ig h e r  energy so u rc e s , such a s  p a r t io l e  a c c e le r a to r s .  As e a r ly  a s
o 871928, H ideroe gave an account o f  a number o f  p o s s ib le  methods o f  
a c c e le r a t in g  charged p a r t i c l e s  to  h ig h  en erg y . At th e  same tim e , he 
reco rd ed  an u n su c c e ss fu l experim ent w ith  a  m achine, which was l a t e r  to  
become known as a b e ta t r o n .  I t  was w ith  th e  b e ta t r o n ,  a machine which 
a c c e le r a te s  e le c tro n s  i n  a  c i r c u l a r  o r b i t  by a  changing  m agnetic  f i e l d ,  
th a t  h ig h  energy tre a tm e n t req u irem en ts  were i n i t i a l l y  ach ie v ed . 
Although e n e rg ie s  i n  excess o f 20 MeV a.re p o s s ib le  i n  th e  b e ta t r o n ,  
s u i ta b ly  designed  f o r  c l i n i c a l  u s e , t h i s  type  o f  a c c e le r a to r  has a 
number o f  d isa d v a n ta g es . In  o rd e r  to  d e p o s it  th e  energy  i n  th e  
tum our, s im u ltan eo u sly  sp a rin g  th e  su rro u n d in g  t i s s u e ,  i t  i s  g e n e ra l 
p r a c t ic e  to  i r r a d i a t e  th e  t a r g e t  a re a  from\ d i f f e r e n t  a n g le s  o f  in c id ­
ence, and th e  r e l a t i v e l y  la rg e  b e ta tro n  m achinery does n o t r e a d i ly
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accom plish  t h i s  req u irem en t. Furtherm ore,, th e  i n je c t io n ,  a c c e le r ­
a t i o n  and e x t r a c t io n  p ro c e sse s  a re  a l l  v e ry  s e n s i t iv e  to  sm all changes 
i n  machine p a ra m e te rs . C onsequently , th e  b e ta t r o n  has a  tendency to  
be u n s ta b le  i n  o p e ra t io n  and th e  complex beam e x t r a c t io n  system  does 
no th ing , to  a l l e v i a t e  th e  low o u tp u t o f  th e  m achine.
The p r in c ip le  o f  a c c e le r a t in g  p a r t i c l e s  i n  a s t r a i g h t  l i n e ,  by
e i th e r  th e  con tinuous o r  in t e r m i t t e n t  a c t i o n  o f  h igh  frequenoy  f i e l d s ,
87 .
was s u c c e s s fu l ly  used by Wideroe i n  1928 to  a c c e le ra te d  po tassium  io n s
79
to  50 kV. In 1931 Sloane and Lawrence a cce lera ted  mercury io n s  to
781.26 MeV, and in  1934 Sloane and Coates a cce lera ted  mercury 1 0 ns to
11 10
2.85 MeV. Also i n  1934* Beams and Snoddy and Beams and T rotter ,
a c c e le ra te d  p a r t i c l e s  i n  a s t r a i g h t  l in e  to  h ig h e r  e n e rg ie s  u s in g  a
d i f f e r e n t  te c h n iq u e . With t h e i r  method, tra n s m it te d  v o lta g e  im p u lses
were a p p lie d  to  c o - l in e a r  e le c tro d e s  connected  to  a p p ro p r ia te  p o in ts
o f  loaded  tra n sm iss io n  l i n e s .
W ith th e  developm ent o f  r a d a r  and th e  microwave d ev ice  known a s  th e  
m agnetron d u rin g  th e  war y e a rs ,  g r e a t ly  im proved methods o f  p a r t i c l e  
a c c e le r a t io n  became p o s s ib le .
The in tro d u c t io n  o f  th e  h igh  power microwave d ev ice  r e - e s ta b l i s h e d  
developm ent o f  th e  l i n e a r  a c c e le r a to r  i n  1945? and e v e n tu a lly  le d  to  an 
advanced d es ig n  o f  m achine, which compared fav o u rab ly  w ith  o th e r  methods 
o f  p a r t i c l e  a c ce le ra tio n -.
The e le c tro n s  a r e  a c c e le ra te d  i n  a s t r a i g h t  l i n e  by ’r i d i n g ’ on 
th e  c r e s t s  o f  e le c tro -m a g n e tic  waves. U nlike  c i r c u l a r  m achines, th e r e  
i s  no problem  re g a rd in g  e x tr a c t io n  o f  th e  beam. The a c c e le ra te d  
e le c tro n s  emerge from th e  end o f  th e  f l i g h t  tu b e  n a tu r a l ly ,  and t h i s  
o u tp u t can be e a s i ly  m onitored and a p p ro p r ia te  s ig n a ls  s e n t  back to  th e  
gun in j e c t i o n ,  o r  to  any p o s i t io n  a long  th e  a c c e le r a t io n  tu b e , a llo w in g  
a  h ig h  degree o f  beam s t a b i l i t y  to  be ach iev ed .
The a c c e le r a t io n  tube i s  r a th e r  narrow and th e  le n g th  i s  p ro p o r t­
io n a l  to  th e  maximum energy re q u ire d ;  e .g .  f o r  a  r e q u ire d  energy  o f  
20 MeV, th e  tu b e  would be i n  th e  re g io n  o f  2 m. lo n g . F u rth erm o re , 
th e  beam d i r e c t io n  can be e a s i ly  changed by p la c in g  a  bend ing  magnet 
a t  th e  o u tp u t end o f  th e  tu b e .
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A tr a v e ll in g  wave lin ea r  a cce lera to r  waveguide e f f ic ie n c y  can "be 
expressed in  terms o f the energy achieved, HP peak input power and 
waveguide length
£ ss , jyiQjn . . . . . .  Eq.  1 . 1 . 1 .
WE
Where E i s  i n  MeV, W i s  i n  megawatts and L i s  i n  m e tre s . The en ergy , 
th e r e fo r e ,  i s  a fu n c tio n  o f  "both HP in p u t power and le n g th  o f  waveguide*
There w i l l  he an upper l im i t  to  th e  power a v a i la b le ,  m ain ly  because  
o f  p r a c t i c a l  e l e c t r i c a l  and e le c t ro n ic  l im i ta t io n s ,  and th e  le n g th  o f  
th e  waveguide should  n o t be so lo n g  th a t  i t  s e r io u s ly  in co n v en ien ces  th e  
p o s i t io n in g  o f  th e  p a t i e n t .
D enoting a  a s  th e  ra d iu s  o f  the, i r i s  a p e r tu re  i n  th e  waveguide and
33A th e  RF in p u t power wave le n g th , P ry  i n  1952, showed t h a t  th e
ocr a t i o  rj must be sm all f o r  h igh  e f f ic ie n c y .  The maximum e f f ic ie n c y  
occu rs  f o r  a  g iven  a p e r tu re  when th e  waveguide i s  o f  such a  le n g th  t h a t  
most RF power n o t t r a n s f e r r e d  to  th e  e le c t ro n  beam i s  d is s ip a te d  i n  th e  
w a lls  o f  th e  waveguide, a llo w in g  l i t t l e  to  p a ss  o u t to  th e  dummy lo a d .
In  o rd e r  to  m a in ta in  maximum e f f ic ie n c y  c o n d it io n s , i t  i s  n e c e ssa ry  
to  e s ta b l i s h  a  v e ry  h igh  degree  o f  RP s t a b i l i t y  a long  th e  e n t i r e  le n g th  
o f  th e  w aveguide. The d esig n  o f  a  l in e a r  a c c e le r a to r  o f  t h i s  ty p e , 
w ith  a  s h o r t  waveguide f o r  m edical p u rp o ses , r e q u ire s  p r e c is e  RP c o n t r o l .
The d i f f i c u l t  o p tio n  o f  a lo n g e r , l e s s  e f f i c i e n t  waveguide to  main­
t a i n  a l e s s  c r i t i c a l  assem bly, was a l l e v ia te d  by in c o rp o ra t in g  a  power
40
feedback  arrangem ent, e a r l i e r  d e sc rib e d  by H arvie and M u lle t t  i n  1949*
A waveguide b r id g e  perm itted , feedback  by recom bining th e  r e s id u a l  power 
from: th e  o u tp u t end o f  th e  waveguide i n  s u i ta b ly  a d ju s te d  phase r e l a t i o n ­
sh ip  w ith  th e  incom ing power from th e  so u rc e . T his a llow ed  in c re a s e d  
d im ensional to le ra n c e s  i n  th e  waveguide and frequency  to le ra n c e  i n  th e  
RP so u rc e , making more e f f i c i e n t  and s ta b le  s h o r t  le n g th  w aveguides.
The use  o f  a h igh  energy, h ig h  o u tp u t c u r re n t  l i n e a r  a c c e le r a to r
33
f o r  m edical p u rp o ses , was f i r s t  d e sc rib e d  by P ry  i n  1952, and i n  1953 
64
M ille r  gave a g e n e ra l - account o f  a  fo u r  y e a r  re se a rc h  and developm ent
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programme, le a d in g  to  th e  i n s t a l l a t i o n  a t  Hammersmith H o sp ita l o f  a
l i n e a r  a c c e le r a to r  cap ab le  o f  p roducing  8 MeV X ra y s .a t an o u tp u t o f  
—1200 Rmim a t  1 m. a f t e r  f i l t r a t i o n *
I t  can  be  seen  t h a t  th e  l i n e a r  a c c e le r a to r  i s  a  much more 
a t t r a c t i v e  c l i n i c a l  machine th a n  th e  b e ta t r o n ,  i n  t h a t  g iven  a l im ite d  
tre a tm e n t sp ace , i t  f u l f i l s  a l l  th e  r a d io th e r a p i s t s 1 s p e c i f ic a t io n s  i n  
term s o f  h ig h  energy , h igh  o u tp u t,  h ig h  s t a b i l i t y  and com plete c o n tro l  
ov er beam d i r e c t io n .
The re a so n  th e  b e ta t ro n  h as  been , u n t i l  r e c e n t  y e a r s ,  th e  most 
p o p u la r ch o ice  w ith  le a d in g  r a d io th e r a p i s t s ,  i s  r a th e r  c u r io u s  and 
w orth m entioning* The tre a tm e n t o f  can ce r w ith  h igh  energy  p a r t i c l e s ' 
d id  n o t become e s ta b lis h e d  p r a c t i c e  u n t i l  a f t e r  th e  second w orld w ar, 
th e  Germans b e in g  among th e  most a c t iv e  i n  p io n eerin g : th e  method.
Due to  th e  r e s t r i c t i o n s  p laced  on Germany by th e  A l l ie s  i n  th e  u se  o f  
th e  m agnetron (b ecau se  o f  i t s  co n n ec tio n  w ith  ra d a r)  th e y  were fo rc e d  
to  u se  th e  b e ta t ro n  technique* C onsequently , most o f  th e  e a r ly  pubr- 
l i s h e d  c l i n i c a l  r e s u l t s  o f  ra d io th e ra p y  tre a tm e n ts , u s in g  a c c e le ra te d  
p a r t i c l e s ,  came from c e n tre s  equipped w ith  a  b e ta tro n *
Depth dose cu rv es  a t  v a r io u s  e n e rg ie s  from d i f f e r e n t  so u rces  a re  
shown i n  F ig . 1 .1 .1 .  The dep th  dose cu rv e  i n  a w ater phantom f o r  
^ C o  gamma ra y s  i s  w e ll known and i s  rep roduced  f o r  com parison p u rp o se s , 
to g e th e r  w ith  an e a r ly  b e ta tro n  curve from th e  com piled d a ta  p u b lish e d  
i n  book form by M eredith  and M assey. The 8 and 16 MeV cu rv es  were
o b ta in e d  from measurements u s in g  a s o l id  s t a t e  d e te c to r  on an SL75-20
21 6 0m achine, p u b lish ed  by Coleman i n  1975* F or Co gamma r a y s ,  the depth
i n  th e  w a te r phantom a t  which th e  dose i n t e n s i t y  has f a l l e n  to  5 0 fo i s
11 .7  cm ., f o r  8 MeV Xrays i t  i s  17 cm ., f o r  16 MeV Xrays i t  i s  20 cm .,
and f o r  22 MeV Xrays i t  i s  22 .7  cm.
The p ro d u c tio n  o f  p h o to -n eu tro n s  from c l i n i c a l  a c c e le r a to r s  was 
f i r s t  observed  i n  th e  b e ta tro n  i n  th e  e a r ly  n i n e t e e n - f i f t i e s  and a t  
th e  tim e reco rd ed  by MEL. A c l i n i c a l l y  a c c e p ta b le  pho ton  beam can be 
produced q u i te  d i f f e r e n t ly  i n  th e  b e ta t ro n  from th a t  o f  a  photon  beam 
i n  a l i n e a r  a c c e le r a to r .  In  th e  fo rm er, a  t h in  g ra z in g  in c id e n c e  
t a r g e t  i s  f re q u e n tly  u sed , and th e  r e s u l t i n g  e le c tro -m a g n e tic  r a d i a t i o n  
i s  u s u a lly  c o llim a te d  by th e  f i e l d  d e f in in g  diaphragm s. Thus, n o t o n ly
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F ig .  1*1 .1 . T y p ica l depth dose cu rves i n  w ater from v a r io u s
' photon so u rc e s . (M eredith  & Massey, 1972) 63
(Coleman, 1975) 21
a re  th e r e  more h igh  energy photons produced i n  th e  co n v e rs io n  p ro c e s s ,  
b u t th e re  i s  a ls o  c o n s id e ra b ly  more h igh  d e n s ity  t a r g e t  m a te r ia l  
a v a i la b le  f o r  (Y ,n) i n t e r a c t io n s .
T h is  p o s s ib le  e f f e c t  o f  in c re a se d  n eu tro n  y ie ld  ap p ea rs  n o t to  have 
been s e r io u s ly  co n s id e red  by m edical l in e a r  a c c e le r a to r  m a n u fa c tu re rs , 
p o s s ib ly  f o r  two re a so n s . F i r s t l y ,  th e  n e u tro n  m easurem ents c a r r ie d  
o u t on th e  e a r ly  b e ta t r o n s ,  even w ith  e n e rg ie s  i n  excess  o f  20 MeV, d id  
n o t g iv e  g re a t  cause f o r  concern , and seco n d ly , th e  in c re a s e  i n  th e  
energy o f  l in e a r  a c c e le r a to r s  was a  g rad u a l p ro c e ss , and o n ly  i n  r e c e n t  
y ea rs  have machine e n e rg ie s  exceeded 10 MeV.
The (Y?n) c ro ss  s e c t io n  th re sh o ld s  f o r  dense m a te r ia ls  o ccu r around- 
7 MeV, and even a t  10 MeV th e  n eu tro n  y ie ld  would n o t be v e ry  h ig h f b u t
12
th e  c ro s s  s e c t io n s  r i s e  r a p id ly  a f t e r  10 MeV to  a maximum a t  14 MeV#
F ig . 1#1#2# shows th e  (Y ,n) r e a c t io n  v a r i a t io n  o f  o ro ss  s e c t io n s  
w ith  energy and t a r g e t  atom ic number* g iven  b y  B a rb ie r ,7 1969#
The peak o c c u rr in g  a t  app rox im ate ly  14 MeV, i s  known a s  th e  g ia n t  
resonance  r e g io n  and i s  b rough t about by th e  e le c tro m a g n e tic  wave 
a s s o c ia te d  w ith  th e  in c id e n t  photon , in d u c in g  a c o l le c t iv e  o s c i l l a t i o n  
o f  th e  p ro to n s  i n  th e  t a r g e t  n u c leu s a s  a  w hole, a g a in s t  th e  n eu tro n s  
which happen to  be i n  resonance w ith  th e  photon  wave a t  t h i s  photon  
energy# This a c t io n  can produce th e  knocking  ou t o f  nucleons from 
th e  t a r g e t  nucleus#
B arb ie r7 showed th a t  because th e  m a jo r ity  o f  in te r a c t io n s  occu r 
around th e  g ia n t  resonance  re g io n , i t  i s  p o s s ib le  to  make an approx­
im a tio n  f o r  th e  i n t e g r a l  ••# ••»
50 MeV
J o (k ) dkk 2
Where k^ i s  th e  energy  o f  th e  g ia n t  resonance  reg ion# The in te g r a te d  
c ro ss  s e c t io n  J* a (k ) dk has been measured f o r  many e lem en ts and r e a c t ­
io n s  i n  t h i s  range# B arb ie r7 c o lle c te d  th e  a v a i la b le  p u b lish e d  d a ta 'o n  
(y ,n )  r e a c t io n s  from v a r io u s  a u th o rs  and drew a  smooth ap p ro x im a tio n  
through th e  many d a ta  p o in ts#  There was i n s u f f i c i e n t  in fo rm a tio n  to  
e x h ib i t  a  f in e  s t r u c tu r e  b u t a  d i s t i n c t  peak-was e v id e n t, e x te n d in g  over 
a  w e ll d e fin ed  energy  reg ion#
From th e  fo re g o in g , i t  i s  c le a r  th a t  w ith  th e  adven t o f  th e  l i n e a r  
a c c e le r a to r  tech n iq u e ,' w ith  i t s  h igh  o u tp u t p o te n t i a l ,  th ic k  t a r g e t  
a re a  and heavy m etal c o l l im a tio n , th e  p ro d u c tio n  o f  a h ig h  n eu tro n  
y ie ld  became a  d e f in i t e  p o s s i b i l i t y  once th e  a c c e le ra te d  e le c tro n s  
exceeded 10 MeV# I t  was th e re fo re  n e ce ssa ry  to  c a r ry  o u t some 
i n i t i a l  c a lc u la t io n s  i n  o rd e r  to  e s tim a te  th e  m agnitude o f  th e  a n t i c i ­
p a ted  n eu tro n  y ie ld #
The t o t a l  n eu tro n  y ie ld  can be co n sid e red  as  c o n s is t in g  o f  the;
J y
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— F ig . 1*1*2. The smoothed approxim ation  o f  th e  (y ,n )  r e a c t io n  
c ro ss  s e c t io n  p re se n te d  as  a  fu n c tio n  o f  t a r g e t  m a te r ia l  
atom ic mass number* (B a rb ie r , 19&9) 7
sum o f  th e  s e p a ra te  y ie ld s  produced art v a r io u s  p ro d u c tio n  p o in ts*
In  o rd e r  to  s im p lify  th e  com putations, th e se  p ro d u c tio n : p o in ts  
can be l im ite d  to  th re e  main a r e a s ,  ( l )  th e  photon t a r g e t j  (2 ) th e  
f l a t t e n in g  f i l t e r ,  and (3 ) th e  p rim ary  c o ll im a to r  • • • • • •
Nm s* N, 4* N„ + U *•»«*• Eq.* 1 * 1 • 3• T t  f  o
Where = The n eu tro n  y ie ld  produced by th e  e le c tro n  beam i n t e r ­
a c t in g  w ith  th e  photon  t a r g e t .
= The n eu tro n  y ie ld  produced by th e  photon beam i n t e r ­
a c t in g  w ith  th e  f l a t t e n i n g  f i l t e r .
Nq as The n eu tro n  y ie ld  produced by th e  photon beam i n t e r ­
a c t in g  w ith  th e  p rim ary  c o ll im a to r .
In  a d d i t io n  to  th e se  th re e  main p ro d u c tio n  a r e a s ,  n e u tro n s  w i l l
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a ls o  be produced "by e le c tro n s  im pinging  on th e  t a r g e t  h o ld e r ,  and 
by photons in t e r a c t in g  w ith  v a r io u s  p a r t s  o f  th e  head assem bly u n it*
Only Nj. and can be es tim a ted  w ith  any deg ree  o f  c e r t a in ty ,  as  
o n ly  a t  th e se  lo c a t io n s  a re  th e  machine c o n d itio n s  d e fin ab le*
C o n sid erin g  th e  f i r s t  ex p re ss io n  i n  Eq. 1*1*3*, th e  n eu tro n
y ie ld  t r i l l  be a  fu n c tio n  o f  Xq , th e  " r a d ia t io n  le n g th '1 which i s
d e fin ed  as  th a t  th ic k n e ss  o f  ab so rb e r  i n  which h igh  energy  e le c tro n s
lo s e  i  o f  energy* A u s e fu l  commonly used e x p re ss io n  i n  e le c tro n  e
a c c e le r a to r  e s ta b lish m e n ts  f o r  th e  c a lc u la t io n  o f  r a d ia t io n  le n g th s  
i s  th e  ap p ro x im a tio n  • • •* • •
2
Xq =s 225 A gm cm « • • • • •  Eq* 1*1*4*
Where A i s  th e  atom ic mass o f  th e  t a r g e t  n u c le i .
The SL75-20 e le c tro n -p h o to n  co n v ersio n  t a r g e t  i s  made o f  tu n g s te n  
and i s  app rox im ate ly  1*5 r a d i a t i o n  le n g th s  th ic k .
5
B arber and George, i n  19599 p re sen te d  d a ta  o f  n eu tro n  y ie ld s  f o r  
a  v a r i e ty  o f  t a r g e t  m a te r ia ls  bombarded by e le c tro n s  o v er th e  energy  
range 10 MeV to  36 MeV. T ungsten , w ith  an atom ic mass A o f  IC4 , was 
n o t one o f  th e  m a te r ia ls  considered* D ata on tan ta lu m , w ith  an 
atom ic mass o f  181* was g iv en , b u t o n ly  f o r  a  t a r g e t  th ic k n e s s  o f  1 XQ*
A lthough n ine  t a r g e t  m a te r ia ls  were used  i n  th e  in v e s t ig a t io n s ,  i t  
was f o r  o n ly  copper (A = 63) and le a d  (A » 207) th a t  a  fa m ily  o f  cu rv es  
was produced, g iv in g  th e  v a r i a t io n  o f  y ie ld  w ith  energy  f o r  in c r e a s in g
r a d ia t io n  le n g th s  (e x c lu d in g  f i s s i l e  m a te r ia l . )
I t  th e re fo re  appeared  re a so n ab le  to  e s tim a te  th e  approxim ate n e u tro n  
y ie ld  f o r  th e  tu n g s te n  t a r g e t  used i n  th e  SL75-20 a c c e le r a to r  from th e  
y ie ld  d a ta  fo r  tan ta lu m . The fam ily  o f  cu rv es  fo r  le a d  was used  to  
e x tr a p o la te  from 1 Xq to  th e  s l i g h t l y  g r e a te r  r a d ia t io n  le n g th  o f
1*5 X • The d i f f e re n c e  i n  y ie ld  from I X  to  1*5 X a t  18 MeV, was
0 0 0 - d  -*135$ f o r  copper, and 38$ fo r  le a d .  A f ig u r e  o f  4*7 x 10 n * e l was
o b ta in ed  a t  16 MeV f o r  th e  SL75-20 a c c e le r a to r  ta rg e t*  Fig* 1 .1 .3 *
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P ig . 1 .1 * 3 . Y ie ld  o f  n eu tro n s  p e r  in c id e n t  e le c t r o n  a s  a  
fu n c tio n  o f  i n i t i a l  e le c t r o n  energy  f o r  a  Ta t a r g e t .
The exposure r a t e  a t  1 m. from th e  e le c tro n -p h o to n  c o n v e rs io n  
t a r g e t  i n  a  m edical l i n e a r  a c c e le r a to r  depends upon a  number o f  
p a ram e te rs , in c lu d in g , e le c tro n  beam d im ensions, p u lse  le n g th ,  p u ls e  
r e p e t i t i o n  r a t e ,  t a r g e t  m a te r ia l ,  t a r g e t  th ic k n e ss  and th e  mode o f  
t a r g e t  assem bly . The exposure r a t e  a t  1 m* p e r  pA o f  a c c e le r a te d  
e le c tro n  beam c u r r e n t ,  which can be a p p lie d  to  MEL a c c e le r a to r s  a t  
v a ry in g  e n e rg ie s , i s  g iven  i n  P ig .  1 .1 .4 -
65
T his  f ig u re  i s  based  on a  graph by M il le r ,  who i n  1953* drew a 
smooth curve th rough  a la rg e  number o f  c a lc u la te d  and m easured p o in ts  
from s e v e ra l  e le c tro n  a c c e le r a to r s .
For th e  SL75—20 m achine, th e  emerging 16 MeV Xray beam exposure 
r a t e  i s  th e re fo re  125‘Bmin ^ p e r  pA o f  a c c e le r a te d  mean e le c t r o n  beam 
c u r re n t  im pinging  on th e  t a r g e t .
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F ig . 1 .1 .4 *  The exposure r a te  a t  1 m. from the ta rg e t (w ithout 
f la t t e n in g  f i l t e r )  as a function: o f  e lec tro n  energy per uA 
o f  e lec tro n  beam. (M ille r , 1 9 5 3 )65
The exposure ra te  mentioned above appertains to  a p o s it io n  1 m. 
from the ta rg et along the cen tra l a x is  o f  the; beam, the in te n s i ty  
decreasing rap id ly  towards the edge o f  the beam. To convert to  a 
m edically  u se fu l co n d itio n , the ra d ia tio n  in te n s i ty  should be main­
tained  across the m ajority o f  the diameter o f  the treatm ent beam. 
This i s  achieved by in se r t in g  a heavy, metal domed f la t t e n in g  f i l t e r  
a t the primary beam co llim a to r  e x i t .
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In  p r a c t i c e ,  when th e  beam has been f la t t e n e d ,  th e  absorbed  dose 
r a t e  i n  a w ate r phantom i s  m easured, u s in g  e i th e r  a  0*66 c c . i o n i s ­
ation* chamber o r  a  s o l id  s t a t e  d e te c to r*
T reatm ent doses a re  g iven  i n  term s o f  hundreds o f  r a d s  p e r  m inute 
and tre a tm e n t tim es can ex tend  to  s e v e ra l m inu tes.
The tumour o r  t a r g e t  a re a  i s  a rran g ed  i n  r e s p e c t  to  th e  r o ta t i n g  
head r a d iu s  o f  th e  m achine, so t h a t  th e  dose does n o t s ig n i f i c a n t ly  
a l t e r  w ith  a  changing beam d i r e c t io n .  The d is ta n c e  from th e  e le c t r o n -  
photon co n v ersio n  t a r g e t  to  t h i s  p o in t ,  i s  known as th e  i s o c e n t r i c  
d is ta n c e ,  and i n  th e  SL75-20 i s  100 cmV- I t  i s  co n v en ien t to  n o rm a lise  
a l l  n eu tro n  le v e ls  to  a  p a r t i c u la r  geom etric  p o s it io n ' a t  a f ix e d  
absorbed  dose r a t e .  T h is was chosen a r b i t r a r i ly ^  as  100 radm in a t  
th e  i s o c e n tr e .
Ig n o rin g  th e  d if f e re n c e  betw een th e  ro e n tg e n  and th e  r a d  i n  a i r ,  
th e  n eu tro n  f lu x  d e n s ity  <J>, can be c a lc u la te d  a t  th e  i s o c e n tr e  w ith  th e
v
f l a t t e n i n g  f i l t e r  i n  p o s i t io n  by . . . . . .
100 Yf t  w<p a —— • ——1 -  H -j * . . . . «
t  k . ~ut 4*(a)2 e l  0
Where K « The machine c o n s ta n t (125 Emin^jiA"*^)
t  = The a x ia l  th ic k n e ss  o f  th e  f l a t t e n i n g  f i l t e r  ( l  cm.)
u « The l i n e a r  a b so rp tio n  c o e f f ic ie n t  f o r  tu n g s te n  (0 .9  cm
d = The d is ta n c e  from t a r g e t  to  i s o c e n tr e  (100 cm.)
Y*. = The n eu tro n  y ie ld  f a c to r  (4*7 x 10~*  ^ n . e l ”"^)
12and IT ^ a The number o f  e le c tro n s  p e r  ]xk (6 .2418 x 10 )
w h ich .g iv es  a n eu tro n  f lu x  d e n s ity  a t  th e  is o c e n tr e  o f  • • • . . «  
O.46  x 10^ ncm ^s( ^
In  o rd e r  to  c a lc u la te  th e  n eu tro n  y ie ld  from th e  f l a t t e n i n g
74
f i l t e r ,  th e  d a ta  su p p lie d  by F r ic e  and K e rs t i n  1 9 5 0 , can  be u se d . 
F ig . 1 .1 .5 .
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P ig . 1 .1 .5*  N eutron y ie ld s  i n  n eu tro n s  p e r mol f o r  Hi 
o f  b rem sstrah lu n g  beam exposure .
(P r ic e  and K e rs t ,  1950) 74
E x tra p o la tin g  to  a  16 MeV e le c tro n  beam by sim ple r a t i o ,  th e  
n eu tro n  y ie ld  as  a  fu n c tio n  o f  f l a t t e n in g  f i l t e r  m a te r ia l ,  tu n g s te n
o f  Z = 74 i s  1 .3  x 1 0 ' nmol “V*1.
Again ig n o rin g  th e  d if f e re n c e  between th e  ro en tg en  and th e  r a d ,  
th e  n eu tro n  f lu x  d e n s ity  a t  th e  i s o c e n tr e ,  assum ing th e  f i l t e r  a s  
a  p o in t-n e u tro n  so u rc e , can be c a lc u la te d  from • • • • • «
<*> = f
dn + t  + d0 \2  / d ,  + t \ 2
lo g  . [ - T - - - T —  J • ( ~ a ~ \
4 « ( r ) '
" j™ . . . . . . .  Eo. 1 .1 .~u t f f  "
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Where = D istan ce  betw een t a r g e t  and f r o n t  fa c e  o f  f l a t t e n i n g  
f i l t e r  (14  cm.) 
dg = D is tan ce  betw een back fa ce  o f  f l a t t e n i n g  f i l t e r  and 
is o c e n tr e  (85 cm.) 
t  = T hickness o f  f l a t t e n i n g  f i l t e r  a lo n g  c e n t r a l  a x is  ( l  cm.) 
u  « The l i n e a r  a b s o rp tio n  c o e f f ic ie n t  f o r  tu n g s te n  (0 .9  cm ^*.)
■fff *B N eutron y ie ld  f a c to r  (1 .3  x 10 nmol ^ . )
w « The m o lecu la r w eight o f  f i l t e r  (1 .295  m ol.)
and r  -  The d is ta n c e  from th e  ’p o in t  source* to  th e  i s o c e n tr e  (85 cm.)
Which g iv e s  a n eu tro n  f lu x  d e n s i ty  a t  th e  is o c e n tr e  o f
0 .39  x 105 ncm 2s }
The t o t a l  n eu tro n  f lu x  d e n s ity  a t  th e  is o c e n tr e  would th e r e fo r e  be
c|)jp = 0 .47  x 10^ + 0 .39  x 10^ + Nq ncm 2s~^
a 0 .86  x 10^ + N ncm 2s \o
The n eu tro n  f lu x  produced by th e  in t e r a c t io n  o f  th e  pho ton  beam 
w ith  th e  p rim ary  c o ll im a to r  i s  ex trem ely  d i f f i c u l t  to  e s t im a te ,  b u t  to  
o b ta in  some degree o f  in fo rm a tio n , i t  was co n s id e red  ex p e d ien t to  c a r ry  
o u t induced  a c t i v i t y  measurements on th e  t a r g e t ,  a lo n g  th e  in n e r  s u r fa c e  
o f  th e  p rim ary  c o ll im a to r ,  and on th e  f l a t t e n in g  f i l t e r ,  th e  assum ption  
b e in g  made th a t  th e  a re a s  o f  maximum induced a c t i v i t y  would approx­
im a te ly  in d ic a te  th e  main p o in ts  o f  n eu tro n  p ro d u c tio n .
44 TLD ro d s were mounted on a r ig i d  p ap er su p p o rt which f i t t e d  
in s id e  th e  prim ary  c o l l im a to r .  The ro d s  were p laced  a t  0 ° , 90°5 180° 
and 270° around th e  c ircum ference  o f  th e  beam a t  i n t e r v a l s  o f  1 cm. 
a long  th e  beam 's a x is .  TLD ro d s  were a ls o  p laced  as  c lo s e  to  th e  
t a r g e t  a s  p o s s ib le  and on th e  s u rfa c e  o f  th e  f l a t t e n i n g  f i l t e r .  I n  
o rd e r  to  f i t  th e  TLD a r ra y  in s id e  th e  c o l l im a to r ,  i t  was f i r s t  n e c e s sa ry  
to  remove th e  f l a t t e n in g  f i l t e r ,  io n i s a t io n  chamber and m ir ro r .  The 
d e te c to r s  were l e f t  i n  p o s i t io n  o v e rn ig h t, th e  machine b e in g  co m p le te ly  
sh u t down.
N orm alising  th e  measurements to  th e  h ig h e s t  l e v e l ,  th o se  m easured
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on th e  t a r g e t ,  th e  r e s u l t s  showed th a t  th e  induced a c t i v i t y  on th e  
f l a t t e n i n g  f i l t e r  was down to  10$, 15$ o f  th e  100$ t a r g e t  f ig u r e .
The a c t i v i t y  a long  th e  c o ll im a to r  r e g is te r e d  80$ to  90% f o r  th e  f i r s t  
3 cm ., g ra d u a lly  d e c re a s in g  to  1 0 % a t  th e  c o ll im a to r  e x i t .
To v e r i f y  th e  r e l a t i v e l y  sm all p a r t  th e  f l a t t e n in g  f i l t e r  was 
ta k in g  i n  th e  n eu tro n  p ro d u c tio n  p ro c e ss , measurements were tak en  
u s in g  an M l  n eu tro n  m onitor p laced  in  th e  la b y r in th ,  w ith  and w ith o u t 
th e  f i l t e r  i n  p o s i t io n .  The n eu tro n  DE (Dose E q u iv a le n t)  changed by 
on ly  1 9 % under th e  two c o n d it io n s .
Although th e se  r e s u l t s  were n o t a l to g e th e r  c o n c lu s iv e , f o r  exam ple, 
th e  measurements were c a r r ie d  o u t on a  new machine under t e s t  c o n d it­
io n s ,  and i r r e g u la r  induced  a c t i v i t y  p a t te r n s  i n  th e  p rim ary  c o ll im a to r  
could  have a r i s e n  from i n i t i a l  beam alignm ent a d ju s tm en ts , th e y  do 
su g g est th e  p o s s i b i l i t y  th e  No , th e  y ie ld  from th e  p rim ary  c o l l im a to r ,  
was a t  l e a s t  as g r e a t  as  th e  y ie ld s  from th e  t a r g e t  and f l a t t e n i n g  
f i l t e r  to g e th e r .
6 , NB a rb ie r  su g g es ts  t h a t  n eu tro n s  produced i n  th e  { Vf n j  i n t e r a c t io n
w i l l  have an energy spectrum  s im ila r  to  n eu tro n s  produced by th e  
f i s s io n  o f  ^U, ( s e e  F ig . 3.12*2. and F ig .  . 3 ^12*1 .), t i i e r e f o r e t  f o r  
th e  approxim ate c a lc u la t io n  o f  DE, a  mean e f f e c t iv e  energy  o f  2 MeV 
can be tak en  fo r  th e  SL75-20 a c c e le r a to r  o p e ra tin g  a  16 MeV Xray beam. 
Assuming • . • . . .
N ■ a N. + = 0 .86  x  10^ ncn f^s  ^
o  t  I
th en  = 1 .72  x 10^ ncm ^s p e r  radmim ^
84
The n eu tro n  DE co n v ersio n  f a c to r s  produced by Thomas i n  19699 
T able 1 .1 .6 . ,  a re  used th roughou t t h i s  t h e s i s  i n  p re fe re n c e  to  th e
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s l i g h t l y  d i f f e r e n t  DE co n v ersio n  f a c to r s  l a t e r  p u b lish ed  by  ICEP i n  
1971. Thomas*s f ig u r e s  had been used i n  a c c e le r a to r  environm ents f o r  
some c o n s id e ra b le  tim e , p a r t i c u la r ly  fo r  th e  c o n v e rs io n  o f  n eu tro n  
f lu x e s  to  DE from a whole range o f  a c t iv a t io n  d e te c to r s ,  and th e r e fo r e  
were more a p p ro p ria te  f o r  in te r-c o m p a riso n  pu rposes o f  th e  d e te c to r s  
used i n  th e  re s e a rc h , to  th o se  a lre a d y  i n  u se  a t  o th e r  a c c e l e r a to r s . '
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TABLE 1 . 1 . 6 .
NEUTRON FLUX DENSITY DOSE EQUIVALENT CONVERSION FACTORS 
AND- MAXIMUM QUALITY FACTORS: ' ,
( Thomas 9 1969)84
N eu tron
E nergy
(MeV)
F lu x  D e n s ity  
e q u iv a le n t  to  
1 m i l l i r e m  h ” l  
(n  c m "  ^ s e c - 1 )
, <QF>max
2 .5  10"8 270
. i
3 .0
5 7 260 2 .9
1 1 0 “7 250 2 .8
2 240 2 .8
5 r 230 2 .6
1 1 0 “6 230 2 .6
2 220 2 .5
5 c 210 2 .4
1 • 10"D 210 2 .3
2 ....... ... 210 2 .2
5 L .200 2 .1  1
1 1 0 “4 200 2 .0
2 200 2 .0  ;
5 * 220 2 .1
1 10"J 220 2 .2  j
2 240 2 .3  I
5 0 •. 230 2 .7  !
1 10~z 160 3 .6  . :
2 ' . 110 5 .1
5 • '57- - 6 . 8
M O
i h 34 8 , 0
. 2 21 9 . 2
5 n 12 1 0 . 0
1 10°  - 9 . 7 1 0 . 0
2 8 . 2 8 . 8  >
5 V 7 . 2 7 . 5
1 1 0 1 6 . 8 - ; 6 . 7  '
2 6 . 4 5 . 9  !
5 0 5 . 8 5 . 0
•1 ' 10 5 . 5 4 . 4
2 5 . 1 3 . 8  j
5 3 2 . 3 3 . 0  i
1 10J 2.1 2 . 4  j
2 1.9 1 . 9  [
3 1*7
j‘ i
4 1*6
' l
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At 2 MeV th e  DE conversion) f a c to r  can be tak en  as  8 .2  ncm "s-;
to  g iv e  1 mremhr*’’^ . Using t h i s  f ig u r e ,  th e  DE a t  th e  i s o c e n tr e  i s
-1c a lc u la te d  a s  0.35 remmin •
The QF (Q u a lity  F a c to r)  a t  2 MeV i s  8 .8 ,  th e  ra d  dose p e r  m inute 
would th e re fo re  be 0.0397  radm in
The com putations f o r  th e  expected  n eu tro n  y ie ld  from th e  SL75-20, 
show th e  n eu tro n  co n tam in a tio n  i n  th e  main u s e fu l  pho ton  beam a t.
16 MeV to  be 0 .35$  i n  term s o f  DE, and 0 .0 4 $  i n  term s o f  absorbed  
do se .
The I n te r n a t io n a l  E le c tro te c h n ic a l  Commission (IEC) formed 
T echn ica l Committee 62 (TC 62) to  produce p ro p o sa ls  on a l l  a s p e c ts  
o f  s a f e ty  re g a rd in g  e l e c t r i c a l  m edical equipm ent. Sub Committee 62 C 
was formed to  de term ine  th e  proposed s a f e ty  recom m endations a p p e r ta in ­
in g  to  h ig h  energy  r a d ia t io n  equipment*.
The proposed maximum n e u tro n  co n tam in a tio n  le v e ls  recommended by
47Sub Committee 62 C i n  i t s  p u b lic a t io n  d a ted  September 1975 > a^e s e t  
o u t i n  paragraph  6 .3 * , page 21 o f  t h a t  docum ent. The recom m endations 
a re  t h a t  th e  absorbed  dose , due to  n eu tro n s  a t  any p o in t  i n  a c i r c u l a r  
s u rfa c e  o f  r a d iu s  2 m ., c e n tre d  on, and p e rp e n d ic u la r  to  th e  c e n t r a l  
a x is  o f  th e  beam, a t  th e  normal tre a tm e n t d is ta n c e  and o u ts id e  th e  
maximum u s e fu l  beam
a) SHOULD NOT: exceed 0 .01$  and
b) SHALL NOT exceed 0 .0 2 $  o f  th e  maximum absorbed  dose i n  th e  
u n a tte n u a te d  u s e fu l  beam, measured a t  th e  p o in t  o f  i n t e r s e c t i o n  o f  
th e  c e n t r a l  a x is  o f  th e  beam and th e  p lan e  s u r fa c e .
T h is co n tam in a tio n  le v e l  r e f e r s  to  th e  dose to  th e  p a t i e n t  from 
n eu tro n s  o u ts id e  th e  main beam, on a  p lan e  w ith  th e  i s o c e n t r e ;  t h a t  i s  
i n  th e  shadow o f  th e  f i e l d  d e f in in g  diaphragm s. The diaphragm s a re  
10 cm. th ic k  i r o n  b lo c k s , and f o r  2 MeV n e u tro n s , an IIVT (H a lf  Value 
T hickness) o f  5 cm. may be u sed . (AEG I s o to p ic s  1954*) Ig n o rin g  
th e  n eu tro n  s h ie ld in g  e f f e c t s  from' o th e r  p a r t s  o f  th e  machine head , th e  
n eu tro n  p ro d u c tio n  from th e  diaphragm s and a s s o c ia te d  a p p a ra tu s  and th e  
s c a t te r in g  bjr th e  p a t i e n t ’s  body, th e  tre a tm e n t t a b le ,  e t c . ,  c a lc u la t io n s  
f o r  th e  expected  n eu tro n  y ie ld  im ply th a t  th e  absorbed  dose o u ts id e  th e
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main u s e fu l  beam can n o t be l e s s  th an  0.01%.
I t  should  be no ted  th a t  th e  term s SHOULD NOT means ’ s tro n g ly  
recommended’ and SHALL NOT ’m andatory’ i n  th e  62 C Sub-Com m ittee’ s 
r e p o r t .
Prom th e  com pu ta tions, i t  would appear t h a t  th e  lo w er, s tro n g ly  
recommended v a lu e  o f  0.01% n eu tro n  co n tam in a tio n  o u ts id e  th e  main 
beam, can no t be ach ieved  w ith  th e  SL75-20 l i n e a r  a c c e le r a to r .  
F u rtherm ore , when a l l  th e  f a c to r s ,  such as  n eu tro n  p ro d u c tio n  p o in ts  
from a re a s  o f  th e  m achine, n o t co n sid e red  i n  th e  c a lc u la t io n s ,  and 
th e  n o t in c o n s id e ra b le  s c a t te r in g  e f f e c t s  from th e  p a t i e n t ,  f lo o r ,  
w a lls  and c e i l in g  a re  tak en  in to  acco u n t, th e  m andatory maximum o f  
0.02% would l i k e l y  a ls o  be exceeded.
S u rp r is in g ly ,  th e  IEC d id  n o t co n s id e r th e  e f f e c t  o f  n eu tro n  
p ro d u c tio n  on th e  dose to  th e  machine o p e ra to r ,  a p a r t  from th e  h aza rd  
a r i s in g  from induced a c t i v i t y .  While t h i s  i s  ex trem ely  d i f f i c u l t  to  
c a lc u la te ,  th e  DE r a t e  can be e s tim a ted  u s in g  some commonly accep ted  
p a ra m e te rs . For exam ple, i t  i s  u su a l p r a c t ic e  to  l i m i t  th e  DE r a t e  
to  o p e ra to rs  to  10 mrera p e r week, even though th e  maximum p e rm is s ib le  
weekly dose fo r  r a d ia t io n  w orkers i s  norm ally  tak en  a s  100 mrem p e r  
week. An average ra d io th e ra p y  tre a tm e n t room, housing  a l i n e a r
a c c e le r a to r  i n  a  h o s p i ta l  where space i s  a t  a  premium, cou ld  n o t a f fo r d
to  have much more th a n  4 o . d is ta n c e  betw een th e  is o c e n tr e  a re a  and 
th e  room e n tra n c e . To a llow  f r e e  access  to  p a t ie n t - c a r r y in g  t r o l l e y s ,
2 2th e  en tran c e  i s  u s u a l ly  r a th e r  la r g e ,  between 3 m. and 4- nu in- a r e a ,  
opening in to  a  r e l a t i v e l y  s h o r t ,  r ig h t- a n g le d  la b y r in th ,  some 2 .5  m. 
to  3*5 i n  le n g th .
Assuming an average tre a tm e n t photon beam dose r a t e  o f  
400 radm in ^ and u s in g  th e  n eu tro n  DE a lre a d y  c a lc u la te d  a t  th e  i s o ­
c e n tr e ,  th en  th e  n eu tro n  DE, DE a t  th e  tre a tm e n t room e n tra n c e , i sy 9 n ’
g iven  by . . . . . .
DE « 0 .35  x 60 x 4 x ( i ) ^  remhr * . . . . . .  Eq. 1 . 1 . T'*
n 4
= 5*?5 remhr ^
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I f  on ly  0.1$? o f  t h i s  DE was to  emerge from th e  o p e ra tin g  room 
e n tra n c e  (from  th e  ’n eu tro n  s tre a m in g 1 e f f o o t ) ,  th en  th e  DE from 
n eu tro n s  a lo n e  would he i n  th e  re g io n  o f  5 mremhr Added to  t h i s
would he  th e  s c a t te r e d  gamma ra y s  from th e  main photon tre a tm e n t heam 
and th e  c o n s id e ra b le  q u a n ti ty  o f  gamma ra y s  a r i s in g  from th e  n eu tro n  
a b s o rp tio n  p ro c e ss . In  o rd e r  to  m a in ta in  th e  10 mremwk ^ c r i t e r i a  
w ith  a normal p a t i e n t  lo a d , th en  e i th e r  lo n g  la b y r in th s  o r  th ic k  s h ie ld  
doors would be n e c e ssa ry .
The DE f o r  n eu tro n s  em erging from th e  la b y r in th  i n to  th e  o p e r a to r ’ s 
c o n tro l  room, can be ap p rox im ate ly  c a lc u la te d  f o r  an av erag e  tre a tm e n t 
room s iz e ,  by . . . . . .
2
a
lo g e
. . . . . .  Eq. 1 .1 .8 .
ave0 .1  MeV •* 2 MeV
Where C(DE)
. 0 . 1  MeV -  2 MeV * The DE co n v e rs io n  f a c to r  a t  1 MeV
  84/ *“2 *"1 \g iv en  by Thomas (9*7 ncm s  ) •
d = D is tan ce  from is o c e n tr e  to  c e n tre  o f  s c a t te r in g  w a ll (600 cm.)
a * N eutron Albedo ( 0 .3 ) .
A =s R adius o f  p lan e  sou rce  (125 cm.)
Z =s D is tan ce  from c e n tre  o f  s c a t te r in g  w a ll to  e x i t  o f  la b y r in th
( 45O cm .)
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S av insk i and F ily u sh k in  i n  1971* u s in g  a  p lutonium  b e ry lliu m  n e u tro n
source o f  known o u tp u t i n  co n c re te  b u n k ers , showed th a t  th e  f lu x  o f  f a s t
and in te rm e d ia te  n eu tro n s  s c a t te r e d  back from th e  w a l ls ,  was f a i r l y  h ig h
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a t  30^ o f  th e  u n s c a tte re d  f lu x .  Maerker and M uckenthaler, e a r l i e r  i n  
1967> i n  a d e ta i le d  in v e s t ig a t io n  u s in g  Monte Carlo c a lc u la t io n s  and 
m easurem ents, showed th a t  s in g ly  s c a t te re d  f a s t  n eu tro n s  c o n tr ib u te d  
rou g h ly  30 f° o f  th e  r e f l e c te d  dose a t  normal in c id e n c e , to  more th a n  
6 0 % a t  g ra z in g  in c id e n c e .
In  E quation  1 . 1 . 8 . ,  a  model tre a tm e n t room has been c o n s id e re d  i n  
which th e  neu trons coming d i r e c t ly  from th e  tre a tm e n t h ead , im pinge on
25
th e  s c a t te r in g  w a ll a t  an an g le  o f  45° > th e r e fo re  th e  dose albedo 
o f  0 .3  i s  a  m oderate e s tim a te .
S o lv in g  Equation^ 1 .1 .8 . ,  g iv e s  a  DE o f  11*34 mremhr*"^ f o r  a 
16 MeV photon beam o p e ra tin g  a t  400 ra d s  p e r m inute. U sing th e
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ICRP 21 DE co n v ersio n  f a c to r ,  g iv e s  a  s l i g h t l y  h ig h e r  v a lu e  o f  
12 .94  mremhr
The c a lc u la t io n  h as  n o t a llow ed f o r  m u ltip ly  s c a t te r e d  n eu tro n s  
in s id e  th e  tre a tm e n t room, which would a ls o  c o n tr ib u te .
V e r i f ic a t io n  th a t  th e  n eu tro n s  produced by th e  SL75-20 machine 
cou ld  p re s e n t  a h azard  to  o p e ra tin g  s t a f f ,  came a f t e r  th e  f i r s t  mach­
in e  had been i n s t a l l e d .
The on ly  ex p erim en ta l r e s u l t s  a v a i la b le  were from th e  p re lim in a ry
4m easurem ents by Axton i n  1970, who endeavoured to  a s s e s s  th e  n eu tro n
co n tam in a tio n  dose to  th e  p a t i e n t .  K ith  .th e  i n s t a l l a t i o n  o f  one o f
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th e  f i r s t  m achines a t  Adderibrookes H o s p ita l ,  Cambridge, Coleman m  
19759 v e r i f i e d  th e  r e l a t i v e l y  h igh  n eu tro n  p ro d u c tio n  i n  th e  16 MeV 
photon beam mode o f  opera tio n *  F u rth e r  v e r i f i c a t i o n  fo llo w ed  immed­
i a t e l y  from th e  second i n s t a l l a t i o n  a t  Gothenburg, Sweden, where 
measurements showed a n eu tro n  DE i n  excess  o f  50 mremhr""^ em erging 
from th e  o p e ra tio n  room end o f  th e  la b y r in th ,  w ith  th e  a c c e le r a to r  
o p e ra tin g  a t  normal tre a tm e n t beam i n t e n s i t i e s .
By t h i s  tim e , th e  l in e a r  a c c e le r a to r  p ro d u c tio n  l i n e  a t  th e  MEL
fa c to ry  i n  Crawley was i n  f u l l  o p e ra tio n , and w hile  th e  la b y r in th s  o f
th e  t e s t  bunkers were much narrow er th an  th e  la b y r in th s  i n  h o s p i ta l
i n s t a l l a t i o n s ,  th e re  were no ro o fs  to  them and th ey  tended  to  be s h o r t .
23A r a d ia t io n  survey  by Coleman, a ls o  i n  1975> showed th a t  th e  e x i s t in g
shielding arrangements were inadequate for the SL75*~20 machine, when
o p e ra tin g  i n  th e  16 MeV photon beam c o n d it io n . With th e  a c c e le r a to r s
producing  beams a t  400 radm in , n eu tro n  DEs a t  th e  c o n tr o l  room
—1e n tra n c e s  were i n  excess o f  50 mremhr f o r  bunkers w ith  th e  s h o r te r  
la b y r in th s ,  and n eu tro n  DEs o f  200 mremhr " were m easured coming over 
th e  to p  o f  th e  la b y r in th  w a lls .  With s e v e ra l  machines o p e ra t in g  
s im u ltan eo u s ly  a t  maximum i s o c e n t r i c  dose r a t e s  o f  800 radmin""'*', i t  
was p o s s ib le  to  produce a n eu tro n  DE r a t e  o f  5 mremhr th ro u g h o u t
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th e  f a c to ry  area* and 20 mremhr*"1 i n  th e  in d iv id u a l  c o n tro l  room*
The TC 62 C R ep o rt, end o f  paragraph  6*3* re g a rd in g  n eu tro n  
co n tam in a tio n  l i m i t s ,  in c lu d e s  th e  fo llo w in g  fo o t  n o te , i te m ise d  a s  
Note 3 i n  th a t  p u b l ic a t io n : -  "The s p e c if ie d  l im i t  v a lu e s  o f  n eu tro n  
leakage  r a d ia t io n  o u ts id e  th e  maximum u s e fu l  beam, may be a l t e r e d  
when more in fo rm a tio n  i s  a v a ila b le * "
C le a r ly ,  i t  was e s s e n t i a l  to  c a r ry  o u t a  s e r ie s  o f  e x te n s iv e  
m easurements on th e  SL75-20 a c c e le r a to r ,  i n  o rd e r  to  a s s e s s  th e  
fo llo w in g :-
JL The advantageous n eu tro n  p ro d u c tio n  c a p a b i l i ty  o f  th e  machine*s 
ex p erim en ta l beam f a c i l i t y .
2 The n eu tro n  dose to  th e  p a t i e n t  d u rin g  normal t re a tm e n ts ,  i n  
th e  l i g h t  o f  IEC: s ta n d a rd s .
The hazard  to  th e  m anufacturers*  p ro d u c tio n  w orkers, and more 
im p o rta n t, th e  hazard  in c u r re d  by th e  o p e ra tin g  s t a f f  i n  normal 
h o s p i ta l  co n d itio n s*
T h is  T hesis  i s  a co m p ila tio n  o f  a l l  th e  m easurem ents, to g e th e r  
w ith  a  s e r i e s  o f  recom m endations, f o r  th e  p o s s ib le  r e - a p p r a i s a l  o f  
th e  p re s e n t  IEC s ta n d a rd s .
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CHAPTER 2
THE SL75-20 MEDICAL LINEAR ACCELERATOR
2 .1 .  THE PRINCIPLE OP OPERATION
The o b je c t  o f  a l l  ty p es  o f  l i n e a r  a c c e le r a to r  i s  to  e s ta b l i s h
s u i ta b ly  phased components o f  e l e c t r i c  f i e l d ,  i n  such a  way, th a t
charged p a r t i c l e s  coming w ith in  th e  in f lu e n c e  o f  th e  f i e l d  may be
a c c e le ra te d  to  h ig h  energy* T h is can be ach ieved  i f  th e  phase 
v e lo c i ty  o f  a p ro g re s s iv e  e lec tro m ag n e tic  wave can be s u f f i c i e n t ly  
c o n tro lle d  to  keep th e  wave i n  phase w ith  th e  p a r t i c l e s  b e in g  
a c c e le r a te d .
Im m ediately a f t e r  in j e c t i o n ,  s ta b le  bunches o f e le c tro n s  a re  
form ed, s l i g h t l y  i n  advance o f  th e  peak o f  th e  a c c e le r a t io n  f i e l d .  
These e le c tro n s  t r a v e l  w ith  th e  wave, g a in in g  energy c o n tin u o u s ly , 
p ro v id in g  th a t  th e  phase v e lo c i ty  o f  th e  wave i s  always eq u a l to  th e  
mean v e lo c i ty  o f  th e  bunch o f  e le c t r o n s .
The h igh  energy e le c tro n  beam can b e , e i t h e r ,  e x tr a c te d  d i r e c t l y  
v ia  a  t h in  m etal vacuum i s o l a t i n g  window, o r  converted  to  an  Xrav beam
by in s e r t i o n  o f  a th ic k  m etal t a r g e t .  -
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P ry  d e sc rib ed  i n  1952 an a x ia l  e l e c t r i c  f i e l d  r e p re s e n te d  a s  a  
wave moving from l e f t  to  r ig h t  i n  r e s p e c t  o f  tim e . P ig .  2 .1 .1 .
A charged p a r t i c l e  a t  p o s i t io n  B o r D, i s  s u b je c t  to  an 
a c c e le r a t in g  f i e l d  E^.
I f  th e  p a r t i c l e  a t  th a t  i n s t a n t  moves to  th e  r i g h t ,  w ith  a g r e a te r
o r l e s s e r  v e lo c i ty  th an  th a t  o f  th e  wave, i t  w i l l  be s u b je c t  to  a c c e l ­
e r a t in g  and d e c e le ra t in g  fo rc e s ,  so th a t  th e  mean energy  im p arted  to  
th e  p a r t i c l e  by th e  wave, w i l l  be z e ro . I f ,  however, th e  p a r t i c l e  
v e lo c i ty  a t  th a t  i n s t a n t  i s  eq u a l to  th e  phase v e lo c i ty  o f  th e  wave, 
th e  p a r t i c l e  w i l l  r e t a i n  i t s  r e l a t i v e  p o s i t io n  i n  th e  wave, and be 
s u b je c t  to  a c o n s ta n t a c c e le r a t in g  f i e l d  E^ where ............
E^ — E s in  0 . . . . . .  Eq« 2 .1 .1 .
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which i s  re p re s e n te d  by th e  d o tte d  h o r iz o n ta l  l i n e ,  and where 0 
i s  th e  phase o f  th e  p a r t i c l e  r e l a t i v e  to  ze ro  f i e l d .
The energy  gained  by a  p a r t i c l e  o f  charge e , h av in g  t r a v e l le d  a 
d is ta n c e  z i n  a  c o n s ta n t a c c e le r a t in g  f i e l d  E^, i s  ezEsinG  •
I f  th e  t o t a l  energy  o f  th e  p a r t i c l e  i s  denoted by £ ,  th e n  i t s  
v e lo c i ty  v^ i s  g iv en  by . . . . . .
2m e
£ * —° --------- = ezEsinG + k  . . . . . .  Eq. 2 .1 .2 .V i_(ij
Thus a p a r t i c l e  d isp la c e d  from B (o r  D) undergoes an e x ce ss iv e  
a c c e le r a t in g  o r d e c e le ra t in g  fo rc e ,  ten d in g  to  r e s to r e  i t  to  th e  
phase s ta b le  p o s i t io n  B.
P a r t i c l e s  in je c te d  co n tin u o u sly  in to  th e  wave, h av in g  a  s im i la r  
v e lo c i ty  to  th e  i n i t i a l  phase v e lo c i ty ,  w i l l  be trap p ed  and bunched 
i n  th e  reg io n : o f  A and P.
P a r t i c l e s  in je c te d  o u ts id e  t h i s  r e g io n , w i l l  be l o s t .
m
P ig . 2 ; ' l i l .  A xial e l e c t r i c  f i e l d  o f  a wave p ro g re s s in g  
from l e f t  to  r i g h t .
The c o n tro l  o f  th e  e lec tro m ag n e tic  wave i s  b rough t abou t by th e  
in tro d u c t io n  in to  th e  waveguide o f  a  number o f  m etal d i s c s ,  which a c t
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as  in d u c tiv e  r e a c t io n  loads* By c a r e fu l  sp ac in g  o f  th e  d i s c s ,  th e  
phase v e lo c i ty  can he s u f f i c i e n t ly  slowed down a t  th e  b eg in n in g  o f  
th e  w aveguide, to  a llo w  th e  e le c tro n s  to  be captured* By in c re a s in g  
th e  sp ac in g  o f  th e  an n u la r  d is c s  a lo n g  th e  waveguide, th e  t r a v e l l i n g  
wave i s  allow ed to  in c r e a s e  i n  v e lo c i ty ,  sweeping th e  e le c t r o n  bunch 
a lo n g  w ith  i t  to  th e  h ig h e r  v e lo c ity *  In  t h i s  way, bunches o f  e l e c t ­
ro n s , w ith  an  i n i t i a l  v e lo c i ty  o f  0*4c, can be a c c e le ra te d  to  an  
energy o f  20 MeV, a lo n g  a waveguide on ly  2 in* i n  leng th*
The SL75-20 te c h n ic a l  s p e c i f ic a t io n s  a re  o u tl in e d  i n  th e  P h i l i p ’ s 
M edical Systems p u b l ic a t io n ,  1975* I t  i s  shown th a t  th e  r a d io  f re q u ­
ency power i s  su p p lied  by a frequency  servo  c o n tro lle d  m agnetron, a llo w ­
in g  optimum a c c e le r a t io n  perform ance to  be achieved* An e le c t r o n  .gun, 
i n  th e .fo rm  o f  a  d iode assem bly, in c o rp o ra t in g  a  d i r e c t ly  h e a ted  
tu n g s te n  f ila m e n t, produces th e  i n i t i a l  e le c tro n s  to  be a c c e le ra te d *
On t r a v e r s in g  th e  le n g th  o f  th e  waveguide and rea c h in g  th e  re q u ire d  
h igh  energy , th e  bunches o f  e le c tro n s  p ass  betw een th e  p o le s  o f  a  
pow erfu l bending  magnet which d e f le c t s  th e  e le c tro n  beam th rough  an 
ang le  o f  90° in to  th e  Xray head assembly*
E le c tro n  e n e rg ie s  o f  5* 6 ,8 ,10 ,12 ,14*17  and 20 MeV can  be o b ta in e d  
by push b u tto n  c o n t r o l ,  a t  dose r a t e s  95 cni* from th e  window, from 
60 radm in ^ to  500 radm in ^* •
Two Xray beams a re  a v a i la b le ,  one a t  8 MeV a t  a maximum dose r a t e  
a t  th e  is o c e n tr e  (100 cm* from th e  ta r g e t )  o f  400 radm in , and th e  
o th e r  a t  16 MeV a t  a  maximum dose r a t e  o f  500 radm in •
The e le c tro n  beams a re  f la t t e n e d  i n  th e  tra n s v e rs e  d i r e c t io n  to  
th e  beam a x is  by th in  copper s c a t te r in g  f o i l s ,  and th e  f i e l d  o f  i r r a d ­
i a t i o n  i s  l im ite d  by s p e c ia l  a p p l ic a to r s ,  which a ls o ,  i n  c o n ju n c tio n  
w ith  th e  s c a t te r in g  f o i l s ,  h e lp  to  produce a  f l a t  f i e l d  o f  r a d i a t io n  
in t e n s i t y  a t  th e  iso c e n tre *
The Xray beams a re  f la t t e n e d  by tu n g s te n  f la t t e n in g  f i l t e r s  and 
th e  f i e l d  s iz e  i s  c o n tro lle d  by th e  10 cm* th ic k  i r o n  f i e l d  d e f in in g  
diaphragms*
A 10 cm* th ic k  heavy m etal p rim ary  c o ll im a to r  c o n tro ls  th e  maximum 
f i e l d  s iz e ,  which a t  th e  i s o c e n tr e  i s  a 32 cm* d iam eter c i r c u l a r  fie ld ©
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A schem atic  diagram  o f  th e  SL75—20 L in e a r 'A c c e le ra to r  i s  p re se n te d  
i n  F ig . 2 .1 .2 .
The w aveguide, e le c tro n  gun, p u lse  tra n sfo rm er and vacuum io n  
pumps, a re  a l l  mounted w ith in  th e  g an try  h o u s in g . The c o n tro ls  a r e  
s i tu a te d  o u ts id e  th e  tre a tm e n t room, and th e  power su p p ly  u n i t  i s  
norm ally  lo c a te d  to  th e  r e a r  o f  th e  a c c e le r a to r .
The head assem bly in c o rp o ra te s  th e  e s s e n t i a l  components f o r  
c o n t r o l l in g  and p roducing  a s a t i s f a c to r y  e le c t r o n  o r Xray beam f o r
4
i r r a d i a t i n g  th e  p a t i e n t .
F or e le c t ro n  th e ra p y , th e  e le c t ro n  c u r re n t  i s  a u to m a tic a lly  
reduced to  a  v e ry  sm all v a lu e , and th e  Xray t a r g e t  and f l a t t e n i n g  
f i l t e r  i s  re p la c e d  by a th in  m eta l e le c tro n  window and s c a t t e r in g  
f o i l .
An ex perim en ta l beam f a c i l i t y  i s  a v a i la b le  w ith  th e  e le c t r o n  
beam b e in g  e x tra c te d  d i r e c t ly  a lo n g  th e  a x is  o f  th e  w aveguide.
A diagram  o f  th e  main components o f  th e  head assem bly , e x tr a c te d
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from a  d e ta i le d  draw ing su p p lie d  by MEL, i s  shown i n  F ig .  2 .1 .3 *
The c o n s tru c tio n  o f  th e  SL75-20 L in ea r A c c e le ra to r  a llo w s  a c c u ra te  
s e t t i n g  o f  th e  tre a tm e n t beam. For th e  8 MeV and 16 MeV Xray beams, 
th e  upper and low er f i e l d  d e f in in g  diaphragm s can be c o n tin u o u s ly  
a d ju s te d  to  produce r e c ta n g u la r  f i e ld s  a t  th e  i s o c e n tr e  from 
1 cm. x 1 cm. to  30 cm. x 30 cm.
The f l a t t e n in g  f i l t e r  en su res  th a t  th e  i n t e n s i t y  o f  th e  f i e l d ,  over 
th e  c e n t r a l  24 cm. o f  th e  lo n g itu d in a l  and tra n s v e rs e  a x is  o f  th e
30 cm. x 30 cm. f i e l d  a t  a dep th  o f  10 cm. in  t i s s u e ,  does n o t v a ry  by
more th an  -  3% from th e  average v a lu e .
Lead s h ie ld in g  s t r a t e g i c a l l y  p o s itio n e d  in s id e  th e  head assem bly ,
en su res  the ' average le v e l  o f  r a d ia t io n  re a c h in g  th e  p a t i e n t ,  over an 
2a re a  o f  100 cm • a t  1 m. from th e  t a r g e t  o u ts id e  th e  p rim ary  tre a tm e n t
beam, does n o t exceed 0 .1 $  o f  th e  c e n tr a l  a x is  i n t e n s i t y .
V
For n o n - f la t  beam tre a tm e n ts , a  s e r i e s  o f  le a d  wedge f i l t e r s  a r e
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F ig . 2 .1 .3 *  The. SL75~20 Head Assembly showing th e  m ain components 
th a t  i n t e r a c t  w ith  th e  beam.
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used , p roducing  wedge shaped f i e ld s  o f nominal an g les  15°? 30° ,  45° 
and 60°. ,
By u s in g  a  com bination  o f  a c c e le r a to r  and p a t ie n t  su p p o rt ta b le  
movements, t h e ‘p o s it io n in g  o f  th e  p a t ie n t  can be c a r r ie d  o u t q u ic k ly  
and e f f i c i e n t l y ,  p roducing  th e  minimum o f  d isc o m fo rt.
The p o s s ib le  movements o f  th e  g an try  drum, th e  head assem bly and 
th e  p a t i e n t  su p p o rt system , a re  shown i n  F ig .  2 .1 .4*
F ig . 2 .1 .4*  The p o s s ib le  movements o f  th e  g an try  drum, head 
assem bly, and th e  p a t ie n t  su p p o rt system .
The a c c e le r a to r  can be co n ta in ed  w ith in  a  volume s l i g h t l y  lax*ger 
th an  a 3 m etre cube, a llo w in g  th e  machine to  be housed i n  a  tre a tm e n t 
room no la r g e r  than  th e  space occupied  by th e  average ^ C o  m achine.
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In  th e  i n i t i a l  SL75-20 i n s t a l l a t i o n s ,  i t  was co n s id e red  s u f f i c i e n t ,  
sim ply to  d es ig n  th e  tre a tm e n t room alo n g  th e  co n v en tio n a l l i n e s  o f  a 
ty p ic a l  ra d io th e ra p y  machine i n s t a l l a t i o n ,  th e  on ly  co n cessio n  i n  
r e s p e c t  o f  th e  h ig h e r  energy component, "being an in c re a s e  i n  th ic k ­
ness  o f  th e  s id e  w a ll s h ie ld in g .
Due to  th e  in t e r a c t io n  o f  th e  h igh  energy e le c tro n s  w ith  th e  
t a r g e t ,  and th e  r e s u l t i n g  h igh  energy  "brem sstrahlung pho tons w ith  th e  
f l a t t e n i n g  f i l t e r  and o th e r  p a r t s  o f  th e  head assem bly, a  c o n s id e ra b le  
number o f  n eu tro n s  were e v id e n t, a s  o u t l i n e d 'i n  C hapter 1*
These n e u tro n s , a f t e r  undergoing  a number o f c o l l i s io n s  w ith in  
th e  tre a tm e n t room, c re a te d  a  n eu tro n  s tream in g  e f f e c t  around th e  
la b y r in th ,  th u s  p roducing  a DE r a t e  o u ts id e  th e  f a c i l i t y ,  a s  w e ll a s ,  
and i n  excess o f ,  th e  gamma ra y  DE a r i s in g  d i r e c t ly  from s c a t te r e d  
leakage  r a d ia t io n .
The o r ig in a l  i n s t a l l a t i o n  d es ig n  c o n s id e ra tio n s  proved to  be to o  
sim ple a co n cep t, i f  th e  a c c e le r a to r  was to  o p e ra te  s a f e ly  i n  th e  
16 MeV Xray mode, o r  when u t i l i s i n g  th e  ex perim en ta l beam f a c i l i t y .
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CHAPTER 3
NEUTRON MEASUREMENTS IN THE BEAM AND TREATMENT ROOM
3 .1 . CHOICE OE DETECTORS: •
The method by which charged p a r t i c l e s  a re  a c c e le ra te d  to  h igh  
e n e rg ie s , se v e re ly  l im i t s  th e  ch o ice  o f  m easuring d e v ic e s . F i r s t l y ,  
th e  machine em its v e ry  s tro n g  RF f i e l d s ,  and second ly , th e  p rim ary  
a c c e le ra te d  p a r t i c l e s  a re  produced i n  v ery  s h o r t  b u r s t s ,  co n ta in ed  
w ith in  a  p u lse  o f  b u r s t s ,  w ith  perhaps a r e l a t i v e l y  la rg e  m ark-space 
r a t i o .  The SL75~20 a c c e le r a to r  produces a  p u lse  2 /us» i n  le n g th ,  a t  
r a t e s  v a r ia b le  from 50 pps to  500 p p s , th e  m ark-space r a t i o  b e in g  
10~^ and 10~3 r e s p e c t iv e ly .  Any secondary p a r t i c l e s  a r i s in g  from 
c o l l i s i o n s ,  such as  n e u tro n s , Trill a ls o  fo llo w  to  a  d e g re e , th e  p u lse d  
mode o f  th e  m achine.
In  th e  SL75-20 s e r ie s  o f  m edical l in e a r  a c c e le r a to r s ,  th e  charged
p a r t i c l e s  which a re  a c c e le ra te d  a re  e le c t r o n s .  The secondary  r e a c t io n s
w i l l  be photons i n  th e  form o f  a h igh  energy , h igh  i n t e n s i t y  brem -
s s tra h lu n g  beam. T h e re fo re , th e  d e te c t io n  and measurement o f  any
r e s u l t i n g  neu tro n s must be made i n  th e  p re sen ce  o f  a la rg e  photon
background. I t  was s ta te d  i n  C hapter 1 , th a t  th e  IEC recommended a
’maximum p erm issib le*  neu tro n  con tam in a tio n  o f  0 .01$  i n  term s o f
absorbed dose . In  p r a c t ic e  i t  would be re q u ire d  to  m easure n e u tro n s
down to  a t  l e a s t  a f a c to r  o f  10 below t h i s  v a lu e . For a  main Xray
beam o f  100 radm in , th e  re q u ire d  minimum d e te c ta b le  n e u tro n  le v e l
would be 0.001 radm in C onsequently , n eu tro n  measurem ents on th e
SL75~20 m achine, must be c a r r ie d  ou t i n  an Xray background o f  
3 510 to  10 h ig h e r  i n t e n s i t y  th an  th e  n eu tro n s  under i n v e s t ig a t io n .
A f u r th e r  r e s t r i c t i o n  was imposed on th e se  p a r t i c u la r  proposed  
m easurem ents, i n  th a t  th e  in v e s t ig a t io n s  cou ld  no t ta k e  p la c e  on one 
p a r t i c u la r  machine a t  a f ix e d  i n s t a l l a t i o n .  I t  was n e c e ssa ry  to  
c a r ry  o u t th e  experim ents on s e v e ra l  f a c to ry  m achines, a s  w e ll a s  a t  
v a r io u s  h o s p ita l  i n s t a l l a t i o n s  i n  England and abroad , so th e  equipm ent 
had to  be sm all and l i g h t  to  f a c i l i t a t e  t r a n s p o r ta t io n .
F in a l ly ,  severe  r e s t r i c t i o n s  were p laced  on th e  tim e a v a i la b le
36
f o r  ex p erim en ta l work. In  th e  f a c to ry ,  th e  p ro d u c tio n  schedu le  was 
o f  p rim ary  im p o rtan ce , and i n  th e  h o s p i ta l s  th e  p a t ie n t  lo ad  cou ld  
n o t be changed too  d r a s t i c a l l y .  A lthough a rea so n ab le  number o f  
tim e in t e r v a l s  were a v a i la b le  f o r  th e  m easurem ents, th e se  in t e r v a l s  
were o f  s h o r t  d u ra t io n , .The d a ta  cou ld  be ob ta in ed  over on ly  b r i e f  . 
p e r io d s  and th e  a p p a ra tu s  u sed , cou ld  n o t rem ain i n  th e  a re a  betw een 
re a d in g s ,.
A number o f  in s tru m e n ts  were com m ercially  a v a i la b le  and i t  i s  
w orth rev iew in g  each d ev ice  and c o n s id e rin g  th e  f e a s i b i l i t y  o f  t h e i r  
p o s s ib le  employment f o r  th e  measurement o f  p u lsed  n eu tro n s  i n  a  p u lsed  
h igh  gamma environm ent.
The most w ide ly  used n eu tro n  d e te c to r  i s  th e  rem c o u n te r ,  d e sc rib e d
3by A ndersson and Braune i n  1962, and com m ercially  a v a i la b le  as, th e  M l  
n eu tro n  m on ito r, m anufactured by N uclear E n te rp r is e s  L td , I t  in c o r ­
p o ra te s  an AERE designed  b o r o n tr i f lo u r id e  (BF^) f i l l e d  chamber o p er­
a t in g  a s  a  p ro p o r t io n a l  c o u n te r5 th a t  i s ,  th e  p u lse  h e ig h t  o u tp u t i s  
p ro p o r tio n a l  to  th e  number o f  io n  p a i r s  produced i n  th e  chamber d e te c to r  
volume by th e  p assag e  o f  an io n is in g  p a r t i c l e , , T h is ty p e  o f  d e tec to r, 
was d e sc rib ed  e a r l i e r  i n  195$, by A b son 'e t a l .
The d e te c to r  i s  i n  th e  form o f  a  copper tu b e , 1 i n ,  i n  d iam ete r and 
6 i n ,  i n  le n g th ,  w ith  a c e n t r a l  th in  w ire  e le c tro d e  and f i l l e d  to  a p r e s ­
su re  o f  70 cm,. Hg w ith  BF^ g a s . The in s tru m e n t i s  su rrounded  by a  
n eu tro n  m oderator o f  p o ly thene  which has an in n e r  h o led  s le e v e  o f  
m oderating  m a te r ia l ,  loaded w ith  boron*
O p era tio n  i s  by th e  a b so rp tio n  o f  a  therm al n eu tro n  and th e  r e l e a s e  
o f  d en se ly  io n is in g  d i s in te g r a t io n  p ro d u c ts , which p roduces i n  th e  
d e te c to r  a la rg e  e l e t r i c a l  p u lse  by v i r tu e  o f  a  l im ite d  gas m u lt i­
p l i c a t i o n ,  The r e a c t io n  fo llo w s  th e  d i s in te g r a t io n  p a t t e r n
2.792 MeV 
2.31  MeV 
4 8 O KeV
When a  therm al n eu tro n  i s  cap tu red  i n  th e  boron n u c le u s , th e  
re a c t io n  p ro d u c ts  a re  an a lp h a  p a r t i c l e  c a r ry in g  o f  th e  t o t a l
10.B + n
7r •Li + a  + 
^x L i + a  +
7 xId  + Y *t;
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7 4energy r e le a s e d ,  and a  M n u c le i c a r ry in g  g v  S ince th e  io n is in g
powers o f  th e  two s im u ltan eo u s ly  o c c u rrin g  p a r t i c l e s  a r e  a lm ost 
i d e n t i c a l ,  th e  n e t p u lse  h e ig h t; a f t e r  gas m u l t ip l ic a t io n ,  i s  n e a r ly  
equal to  th e  p u lse  h e ig h t t h a t  would occur f o r  an a lp h a  p a r t i c l e  o f  
energy 2*792 MeV o r  2*31 MeV. D is in te g ra t io n  p roducing  an  energy  
r e le a s e  o f  2*792 MeV o ccu rs  o n ly  i n  6$ o f  th e  e v e n ts , which means t h a t  
i n  94$ o f  th e  c a p tu re  e v e n ts , a  480 KeV gamma ra y  i s  a ls o  re le a se d *  
N orm ally, t h i s  does n o t produce a s e r io u s  problem  i n  t h i s  in s tru m e n t, 
b ecause  th e  energy o f  e le c tro n s  re le a s e d  by gamma in t e r a c t io n  i s  
r e l a t i v e l y  sm all compared to  t h a t  o f  th e  a lp h a , and i s  e a s i ly  d isc r im ­
in a te d  a g a in s t  by th e  use o f  an e le c t ro n ic  th re sh o ld  p u ls e  h e ig h t  
d isc r im in a to r#
The o u tp u t from th e  d e te c to r  i s  fed  in to  an a m p lif ie r  c i r c u i t  and 
th en  in t o  a  p u lse  shape netw ork and diode pump r a t e  m e te r . The re a d ­
o u t i s  by a  m eter, s c a le d  lo g a r ith m ic a l ly  i n  5 decades c o v e rin g  th e  DE 
r a t e  o f  0 .1  mremhr""'*’ to  10 remhr""'*'. The c o r r e c t  rern dose i s  main­
ta in e d  w ith in  20$ over th e  n eu tro n  energy ran g e  o f  0 .025 ©V to  10 MeV 
by th e  h o led  boron loaded  in n e r  s le e v e , which d ep resses  th e  d e te c to r  
s e n s i t i v i t y  to  therm al n e u tro n s .
The hydrogenous m oderator slow s down th e  f a s t  n eu tro n s  by m u lt ip le
e l a s t i c  c o l l i s i o n s ,  th e  slow ing down le n g th  L f o r  2 MeV n eu tro n s  tos
slow th e  therm al e n e rg ie s , b e in g  5 'cm. to  6 cm. f o r  hydrogenous m a te r ia l
The v e lo c i ty  f o r  2 MeV n eu tro n s  i s  0*5 mps cm \  f o r  1 KeV i t  i s
—1 -125 mps cm and fo r  therm al n eu tro n s  i t  i s  4*54 ps cm .
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N icho lson , i n  1956, showed th a t  a tim e d e lay  o f  s e v e ra l  m icro­
seconds o ccu rs  i n  BF^ p ro p o r tio n a l c o u n te rs . T his d e la y  i s  b ro u g h t 
abou t by th e  f a c t  t h a t  some io n is in g  tra c k s  a re  formed, n e a r  th e  c e n t r a l  
e le c tro d e ,  where re sp o n se  i s  im m ediate. The e f f e c t iv e  d e te c to r  
volume i s  a t  a  minimum i n  t h i s  r e g io n , so th e  number o f  i n t e r a c t io n s  
i s  sm a ll. The h ig h e s t  count r a t e s  a re  produced by in t e r a c t io n s  ta k in g  
p la c e  i n  th e  d e te c to r ,  where th e  s e n s i t iv e  volume i s  r e l a t i v e l y  l a r g e  1 . 
a t  th e  o u te r  w a ll , b u t h e re  r e le a s e d  e le c tro n s  w i l l  ta k e  tim e to  
t r a v e r s e  th e  chamber and reach  th e  c e n t r a l  e le c tro d e  w ire .
N icholson showed th a t  t h i s  was betw een 2 and 3 m icroseconds f o r  
d e te c to r s  o f  s im ila r  c o n s tru c tio n  to  th a t  used  i n  th e  SMI,
With a n eu tro n  p u lse  b u r s t  o f  1 p s , n eu tro n s  o f av erage  energy 
2 MeV would reach  th e  in s tru m e n t i n  m i l l i “-micro seconds. These 
n eu tro n s  undergo some 18 c o l l i s io n s  i n  th e  m oderator, co v e rin g  a 
p e r io d  o f  about 5 l^s. The mean l i f e  tim e o f  th e  r e s u l t i n g  therm al 
n eu tro n s  i s  150 ps* The gamma f la s h  re ac h e s  th e  d e te c to r  f i r s t ,  
in s ta n ta n e o u s ly  t r ig g e r in g  th e  in s tru m e n t, which w i l l  rem ain  in o p e ra b le  
f o r  2 to  3 u s* , i . e * ,  f o r  a p e r io d  lo n g er th an  th e  m achine p u lse  b u rs t#  
T his shows th a t  due to  th e  tim e d e lay  d u rin g  th e rm a l!sa tio re , th e  BF^ 
d e te c to r  has tim e to  re co v e r from th e  e f f e c t s  o f  th e  m achine pu lse*
To re ach  t h i s  s t i l l  in a d e q u a te , b u t r e l a t i v e l y  f a s t  s i t u a t i o n ,  i t
would be n ecessa ry  to  ta k e  th e  p u lse  d i r e c t  from th e  a m p l i f ie r  and
feed  i t  in to  a  re a so n a b ly  f a s t  s c a le r ,  a s  th e  v e ry  lo n g  tim e c o n s ta n t
o f  th e  M l  r a t e  m eter c i r c u i t ,  cannot cope w ith  pu lsed  r a d i a t io n .
25In  1971, Coleman showed th a t  w ith  a p u lsed  n eu tro n  so u rce  o f  p u lse  
le n g th  1 ms a t  a r e p e t i t i o n  r a t e  o f  53 p p s , th e  m eter re a d in g  o f  the.
M l  i s  down by a  f a c to r  o f  3 a t  dose r a t e s  i n  excess o f  1 rem hr ^*
Pig* 3*1*l 1* I t  was a ls o  shown th a t  to  o p e ra te  th e  in s tru m e n t c lo s e  
to  th e  D aresbury N uclear P hysics  L ab o ra to ry ’ s 40 MeV L in e a r  A cc e le r­
a to r ,  i t  was n e ce ssa ry  to  p la c e  i t  i n  an e l e c t r o s t a t i c a l l y  sc reen ed  
case  to  p r o te c t  i t  from RF f i e l d s .
Coleman c a l ib r a te d  th e  M l  m onitor connected  d i r e c t ly  i n to  a  f a s t  
s c a le r  w ith  a 2 Ci PuBe n eu tro n  source  and o b ta in ed  a c a l i b r a t io n  
f a c to r  o f  21*7 ~ 0*3 cpm n ^cm ^s ^ to  g iv e  1 mremhr
At an SL75-20 mainbeam Xray dose r a t e  reduced to  100 radm in ^ a t  
th e  i s o c e n tr e ,  th e  ’maximum p e rm is s ib le ’ l e v e l  recommended by th e  ISC, 
would be 0.01 radm in , and a t  l e a s t  tw ice  t h i s  v a lu e  would be r e q u ire d  
to  be measured i n  p r a c t ic e .  Assuming an e f f e c t iv e  Qp o f  10 f o r  an 
average e f f e c t iv e  energy o f  2 MeV, th e  upper range  o f  DE to  be
measured would be 12 remhr ^* U sing a DE conversion; f a c to r  o f
—2 —1 —1 5 —19*7 ncm s to  g iv e  1 mremhr , would g iv e  1 .164 x IQr ncm ‘"s and
a s c a le r  count r a t e  o f  2*52 x 10 cpm#
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In  19539 Soberman e t  a l  showed th a t  a t  h ig h  count r a t e s  o f  10 cpm,
BP^ p ro p o r tio n a l  co u n te rs  d e te r io r a te d  i n  perform ance, due to  th e  a c t io n
o f  f r e e  f io u r in e  l ib e r a te d  as  a r e s u l t  o f in te n s e  r a d ia t io n #  S p e c ia l
8tre a tm e n t o f  th e  chamber was r e q u ire d  a f t e r  a t o t a l  o f  10 co u n ts  to  
r e s to r e  th e  perform ance o f  th e  in s tru m e n te
3 9
sr meter response!
i T ~ l T 7  1 * •= correct response
(N.M.1.)
f 10
2
102 103
m.rem.hF (mod. indium)
P ig . 3*1.1* Response o f  M l  to  p u lse d  n eu tro n s  compared
- to  m oderated indium  f o i l s .  (Coleman, 1 9 7 1 )25
I t  should  he horne i n  mind th a t  f o r  . even a n o n -p u ls in g  so u rc e , 
th e  dead tim e count lo s s  would he c o n s id e ra b le  a t  th e se  c o u n tin g  r a t e s .
The gamma resp o n se  o f  th e  M l  i s  exp ressed  i n  term s o f  re je c tio n ^
r a t io  d e fin ed  as  th e  coun ts  p e r  remhr ^ to  th e  coun ts  p e r  Rhr The
m anufac tu rer g iv es  th e  r e j e c t i o n  r a t i o  as  3000 to  1 a t  ^ C o  e n e rg ie s
2 - 1f o r  gamma dose r a t e s  up to  10 Rhr •
At th e  low est p r a c t i c a l  main Xray beam dose r a t e  p re v io u s ly  
m entioned, namely,: 100 radm in  , th e  gamma background would be a t  l e a s t  
a f a c to r  o f  60 above th e  maximum v a lu e  m entioned by th e  m an u fac tu re r .
66
A dopting th e  commonly used assum ption , g iv en  i n  th e  KBS Handbook No. 97
th a t  th e  mean e f f e c t iv e  energy o f  a  b re rass trah lu n g  Xray beam i s
app rox im ate ly  ~  E , g iv es  an e f f e c t iv e  energy  o f  5*33 MeV, w ith  a  j  max
s ig n i f i c a n t  p ro p o rtio n  o f  photons ex ten d in g  to  a  maximum co rre sp o n d in g  
to  th e  e n e rg y  o f  th e  a c c e le ra te d  e le c tro n s ,  i . e .  16 MeV.
The a c tu a l  r e j e c t i o n  r a t i o  under SL75**20 beam c o n d it io n s  •will be 
c o n s id e ra b ly  l e s s  th an  3000 to  1 , because i t  d ec rease s  w ith  in c r e a s in g  
energy o f  photons and in c re a s in g  dose r a t e .  With a h ig h  gamma dose 
r a t e ,  th e  gas volume i n  th e  d e te c to r  w i l l  become h ig h ly  io n is e d ,  and 
a lthough  under normal c o n d it io n s , th e  r e le a s e d  e le c t r o n  energy  would
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n o t be s u f f i c i e n t  to  overcome th e  th re sh o ld  d is c r im in a to r  lev& l, th ey  
w i l l  s t i l l  d r i f t  i n  g r e a t  numbers to  th e  c e n t r a l  e le c tro d e  under th e  
in f lu e n c e  o f  th e  p o la r is in g  v o lta g e  fie ld®  T his w i l l  produce a space 
charge which T rill ten d  to  le n g th en  th e  chamber dead time® The la rg e  
number o f  e le c tro n s  re a c h in g  th e  c e n tr a l  e le c tro d e  T rill p u l l  down th e  
p o la r is in g  v o lta g e , which i n  tu rn ,  w i l l  low er th e  co u n tin g  e f f ic ie n c y  
due to  th e  changing p o s i t io n  o f  th e  o p e ra tin g  p o in t on th e  p ro p o r t io n a l  
re g io n  coun t r a t e  a g a in s t  v o lta g e  curve® A lso , w ith  a  la rg e  number 
o f  gamma in te r a c t io n s  i n  th e  chamber, i t  i s  in e v i ta b le  t h a t  a  la rg e  
p ro p o r tio n  o f  in te r a c t io n s  w i l l  occur s im u ltan eo u s ly , form ing an o u t­
p u t p u lse  p ro p o r tio n a l  to  th e  sum o f  th e  s e p a ra te  r e le a s e d  e le c tro n  
energies®  T his p u lse  m ight be g r e a t  enough to  overcome th e  th re s h o ld  
d is c r im in a to r  and produce a  pseudo neu tro n  co u n t.
F in a l ly ,  th e  b u lk  o f  m a te r ia l  used i n  th e  in s tru m e n t c o n ta in s  
c e r t a in  h igh  d e n s ity  m e ta ls , such as  copper, b ra s s  and i r o n ,  a l l  o f  
which w i l l  a c t  a s  (Y ,n) p ro d u c tio n  t a r g e t s .  The n eu tro n s  r e le a s e d  
could  be  r e f l e c te d  back in to  th e  BF^ gas volume by th e  m oderating  
m a te r ia l ,  g iv in g  a  sp u rio u s  n e u tro n  co u n t. ■ ' ■ v
The d isad v an tag e  o f  th e  NM1 as  a p o r ta b le  in s tru m en t i s  i t s  w eigh t 
o f  14*1 k ilo g ram s. In  an e f f o r t  to  overcome th e  w eigh t problem ,
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Leake i n  1966, suggested  an in s tru m e n t, u s in g  an 8 i n .  s p h e r ic a l  
m oderator in c o rp o ra t in g  a ^ L il  s c i n t i l l a t i o n  d e te c to r ,  w eighing  7«3 
k ilo g ram s. T his in s tru m en t f i t t e d  l e s s  a c c u ra te ly  th e  ICBP r e q u i r e ­
ments th an  th e  M l ,  even though i t  inv o lv ed  th e  use o f  a  p e r fo r a te d  
cadmium in n e r  s le e v e  to  d ep ress  th e  s e n s i t i v i t y  to  th erm al n e u tro n s .
Leake*s d ev ice  o p e ra te s  on th e  ^L i(n ,a)^H  r e a c t io n ,  f i r s t  a d v ise d  
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by H o fs ta d te r  e t  a l  i n  1951* The r e a c t io n  fo llo w s th e  d i s i n t e g r a t i o n  
p a t te r n  ^Li + n —t  + a  + 4® 78 MeV.
N orm ally, th e  resp o n se  tim e o f  s c i n t i l l a t i o n  d e te c to r s  i s  ex trem e ly  
ra p id  i n  th e  m illi-m ic ro  second ran g e , b u t i n  t h i s  p a r t i c u l a r  r e a c t io n ,  
th e  c r y s ta l s  used a re  ch em ically  iin s tab le  and th e  em itted  l i g h t  does 
no t match th e  ty p ic a l  photo m u l t ip l ie r  spectrum . I t  i s  th e r e fo r e  
n ecessa ry  to  a c t iv a te  th e  c r y s ta l s  w ith  europium , which p roduces th e  
d isad v an tag e  o f ex ten d in g  th e  s c i n t i l l a t o r  decay tim e to  a  le n g th y  
1 .4  p s .
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In o rg a n ic  s c i n t i l l a t i o n  m a te r ia ls  e x h ib i t  a lower lum inous
e f f ic ie n c y  to  h e a v ily  io n is in g  p a r t i c l e s ,  due to  th e  d isp e rs io m  o f
th e  lu m in escen t c e n tre s  i n  th e  c r y s t a l .  For example, f o r  e n e rg ie s
o f  a  few MeV, th e  p u lse  h e ig h t from an a lp h a  p a r t i c l e  i n  an  in o rg a n ic
s c i n t i l l a t o r ,  w i l l  be 10$ to  30$ l e s s  th an  th e  p u lse  h e ig h t  from an
e le c t ro n  o f  th e  same energy . T h is  im p lie s  a  h igh  re sp o n se  to  gamma
ra y s ,  and Leake g iv e s  th e  s e n s i t i v i t y  o f th e  in s tru m en t a s  1 mremhr ^
—1f o r  a gamma dose r a t e  o f  1 mradhr a t  6 MeV.
To overcome th e  h igh  s e n s i t i v i t y  to  h igh  energy p h o to n s , th e  
in s tru m e n t was m odified  to  use  a  helium  f i l l e d  p ro p o r tio n a l  co u n te r  
ap p ly in g  th e  r e a c t io n  H e(n ,p) H. The d i s in te g r a t io n  p a t t e r n  i s  
3 He + n — + p + 765 KeV, t h a t  i s ,  th e  r e a c t io n  energy  from 
therm al n eu tro n  c a p tu re  i s  765 KeV. E le c tro n s  induced by gamma ra y s  
w i l l  norm ally  expend energy i n  th e  co u n te r c o n s id e ra b ly  l e s s  th a n  t h i s  
v a lu e . Even so , th e  chamber i s  s t i l l  s e n s i t iv e  to  gamma r a y s ,  p a r t i c ­
u l a r ly  i n  f i e ld s  o f  h igh  energy and h igh  dose r a t e .  Leake g iv e s  th e  
s e n s i t i v i t y  a s  1 mremhr ^ fo r  3 radhr*"^ fo r  e n e rg ie s  up to  10 MeV.
The m an ufac tu rers  c la im  a  r e j e c t i o n  r a t i o  o f  b e t t e r  th a n  3000 I 1 up to  
a t  l e a s t  1 Rhr f o r  photon e n e rg ie s  o f  100 KeV, b u t a t  h ig h e r  
e n e rg ie s  th e  r a t i o  f a l l s  and i s  ty p ic a l ly  1000 • 1 a t  dose r a t e s  o f  
10 Rhr"1 .
A nother w idely  used  tech n iq u e  f o r  n eu tro n  measurement and DE 
assessm en t, i s  t h a t  u s in g  th e  io n is a t io n  produced by a r e c o i l in g  
p ro to n .
A n u cleu s s tru c k  by a n eu tro n  o f  energy E undergoes an  e l a s t i c  
c o l l i s i o n .  The s tru c k  nucleus o f  mass m ( in  atom ic u n i t s )  w i l l  
r e c o i l  w ith  an energy  E^ g iven  by . . . . . .
E „ —J2L_ E cos2 6   Eq. 3 .1 .1 .
(m + l )
Where 0 i s  th e  an g le  between in c id e n t  n eu tro n  and th e  d i r e c t io n  o f  th e  
r e c o i l .  In  th e  case  o f  a t a r g e t  hydrogen n u c leu s  where m » 1 , th e n  •*
2
~ ^ s 0 .»»« .«  Eq. 3 01 • 2 »
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The r e c o i l  p ro to n  can have any energy from 0 to  E, c o n seq u en tly , 
th e  average  r e c o i l  p ro to n  energy i s  -g-E. At 0 .1  MeV th e  ran g e  o f  a 
p ro to n  i n  a i r  a t  STP i s  ^ 2 ram., a  2 MeV p ro to n  has a  ran g e  o f  8 cm .,
and a  10 MeV p ro to n  a  range o f  100 cm.
The r e c o i l  p ro to n  c re a te s  io n i s a t io n  i n  th e  chamber gas f i l l i n g  
p roducing  a la rg e  puls© a t  th e  o u tp u t. To f a c i l i t a t e  th e  p ro d u c tio n  
o f  r e c o i l  p ro to n s , a llo w in g  n eu tro n s  to  be d e te c te d  o v er a  wide ran g e  
o f  e n e rg ie s ,  th e  chamber has an in n e r  l i n in g  o f  hydrogenous m a te r ia l ,  
such a s  p o ly th en e . I o n is a t io n  b rough t abou t by gamma ra y s  produces 
r e l a t i v e l y  sm all p u lse  h e ig h t o u tp u ts  and a re  r e je c te d  by an e le c t r o n ic  
th re sh o ld  d is c r im in a to r .  U n fo rtu n a te ly , th e  p u lse  h e ig h t  produced by 
p ro to n s  low er th an  0 .1  MeV, i s  a ls o  sm all and w i l l  co n seq u en tly  a ls o  
s u f f e r  d is c r im in a tio n . T h is type  o f  d e te c t io n  system  i s  th e re fo re  
l im ite d  to  n eu tro n s  o f  energy g r e a te r  th an  0 .1  MeV.
For n eu tro n s  o f  e n e rg ie s  i n  excess  o f  10 MeV, th e  p ro to n  r e c o i l  
range i s  r a th e r  la rg e  and r e q u ire s  a  th ic k  p o ly thene  r a d i a to r  to  
enhance th e  s e n s i t i v i t y .
For medium range  e n e rg ie s , a th in  p o ly th en e  r a d ia to r  i s  u sed , and 
th e  low energy re g io n  i s  covered by th e  hydrogenous gas f i l l i n g .
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Dennis and Loosemore developed i n  I9 6 0 ,  a p ro to n  r e c o i l  p ro p o r t io n a l  
c o u n te r i n  which th e  in n e r  p o ly th en e  l in in g  was s p e c ia l ly  shaped to  
g iv e  a count r a t e  p ro p o rtio n a l to  DE r a t e  id  th in  n eu tro n  energy  ra n g e , 
0.15 MeV to  14 MeV. The n eu tro n  energy resp o n se  i s  g iv en  i n  F ig .  3*1«2.
An e le c t r o n ic  th re sh o ld  d is c r im in a to r  i s  s e t  a g a in s t  gamma ra y  
r e j e c t io n  i n  such a manner t h a t  th e  c a l ib r a t io n  f a c to r  f o r  n eu tro n s  
o f  0 .11  coun ts  p e r  mremhr \  i s  o b ta in ed  i n  a  2 Rhr"”'*' gamma f i e l d .
T h is in s tru m e n t s u f f e r s  th e  same problem s o f  d e te c to r  dead tim e 
( in  th e  re g io n  o f  m icro seconds) as  th o se  p re v io u s ly  m entioned . I t  
a lso  has a  long  e le c tro n ic  re sp o n se  tim e and i s  s e n s i t iv e  to  s tro n g  
RF f i e l d s .
I t  can be seen from F ig . 3 .1 .2 . ,  th a t  th e  resp o n se  i s  down to  
38$ a t  0 .1  MeV a t  th e  low energy  ra n g e , and 55% a t  th e  h ig h  energy  
end a t  15 MeV, compared to  th e  average re sp o n se .
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P ig , 3 .1 .2 ,  The n eu tro n  energy resp o n se  o f  th e  D ennis
and Loosemore p ro to n  r e c o i l  c o u n te r . (K night
and M arsh a ll, I 9 6 9 )57
The io n isa tio n ^  chamber i s  p o s s ib ly  th e  most s u i ta b le  type o f  
d e te c to r  fo r  th e  measurement o f  r a d ia t io n  i n  a  p u lsed  env ironm ent.
T his i s  p a r t i c u la r ly  so i f  th e  chamber i s  a t ta c h e d  to  an e le c t r o n ic  
in te g r a t in g  c i r c u i t .
. s ' '
‘ -QA charged p a r t ic le  K il l  ty p ic a lly  traverse  a chamber in  10 " s . ,
5
le a v in g  a  tra c k  o f  io n is e d  p a r t i c l e s  c o n s is t in g  o f  ab o u t 15 x 10^ io n  
p a i r s  m*”^  i n  gas f i l l i n g s ,  such a s  pu re  hydrogen, n i tro g e n  and a rg o n .
An e l e c t r i c  f i e l d  o f  lO^Vm ^ a c t in g  a c ro ss  a  chamber 10 mm. deep , K ith  
a  gas f i l l i n g  o f  1 atm . p re s s u re ,  w i l l  move e le c tro n s  tow ards th e  
p o s i t iv e  e le c tro d e  w ith  a  v e lo c i ty  o f  5 s  10^ ms \  The p o s i t iv e  
io n s  moving i n  th e  o p p o s ite  d i r e c t io n  tow ards th e  n e g a tiv e  e le c t r o d e ,  
move more slow ly  w ith  a v e lo c i ty  o f  1«4 •
Follow ing  a  b u r s t  o f  r a d ia t io n ,  a sharp  r i s e  i n  th e  e le c tro d e
p o te n t ia l  tak es  p la c e ,  due to  th e  c o l le c t io n  o f  th e  f a s t  moving
«6e le c tro n s  in  a tim e o f  th e  o rd e r  o f  10 s .
The more slow ly  moving p o s i t iv e  io n s  produce a -v e  ch arg e  e f f e c t
a t  th e  e le c tro d e  which i s  n o t r e le a s e d  u n t i l  a l l  th e  +ve io n s  have 
been c o l le c te d .  The p u lse  i s  n o t com plete u n t i l  t h i s  f i n a l  c o l l e c t ­
io n  i s  o v e r, and t h i s  p ro cess  could  tak e  c o n s id e ra b ly  lo n g e r  th a n  10 ^ s ,
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depending upon th e  a c tu a l  p o s i t io n  o f  th e  io n  t ra c k s  w ith in  th e  
e f f e c t iv e  chamber volum e.
The u n d e s ira b le  slow e f f e c t  i s  overcome by s h ie ld in g  th e  chamber 
w ith  a  g r id  o f  w ire s , h e ld  a t  a p o te n t ia l  in te rm e d ia te  betw een 0 and 
—V. The ca p a c ita n c e  between a t r a c k  o f  io n s  and th e  p o s i t iv e  e le c ­
t ro d e , i s  g r e a t ly  red u ced , and o n ly  th e  f a s t  e le c tro n  p u ls e  i s  
o b ta in e d .
The average tim e tak en  f o r  e le c tro n s  to  t r a v e l  betw een e le c tro d e
p la te s  o f  1 cm. s e p a ra t io n , i s  o f  th e  o rd e r  o f  0 .1  p s .  The ad d itio n ;
3
o f  a  polyatom ic g a s , such as  CO  ^ i n  argon o r  H f i l l e d  cham bers, and 
CH  ^ i n  H f i l l e d  cham bers, i s  common p r a c t ic e  to  in c re a s e  d r i f t  v e lo c i ty  
o f  e le c t r o n s .
The io n i s a t io n  i s  d e te c te d  by co n n ec tin g  th e  p o s i t iv e  e le c tro d e  to  
a  v e ry  h igh  r e s i s ta n c e ,  i n  th e  re g io n  o f  1 0 ^ -^ .  1 0 ^ Q , which to g e th e r  
w ith  th e  ca p a c ita n c e  C o f  th e  chamber, form s p a r t  o f  th e  im put c i r c u i t  
to  a  low n o ise  a m p l i f ie r .
In  h igh  dose r a t e s ,  th e  re sp o n se  o f  th e  chamber i s  governed by th e  
degree i n  which io n s  produoed i n  th e  chamber volume, undergo , e i t h e r  
columnar o r  g e n e ra l recom bination  en ro u te  to  th e  c o l l e c t in g  e le c t r o d e s .  
S a tu ra tio n  p o in t  i s  reached  when th e  a p p lie d  p o la r is in g  v o lta g e  i s  
s u f f i c i e n t ly  h igh  to  ensure  t h a t  a l l  th e  io n s  a re  c o l le c te d  b e fo re  
recom bination! o c c u rs . In  l a r g e ,  h igh  p re s s u re  cham bers, v e ry  h ig h  
v o lta g e s  a re  re q u ire d ,  n e c e s s i ta t in g  good in s u la t io n  p r o p e r t ie s  betw een 
e le c tro d e s .
At low dose r a t e s ,  th e  h ig h  impedance in p u t  c i r c u i t  r e q u i r e s  th e  
chamber to  be f i t t e d  d i r e c t ly  on to  th e  e le c t r o n ic  p r e a m p l if ie r .  I n  
a  h igh  r a d ia t io n  f i e l d ,  th e  e le c t r o n ic s  can be a f f e c te d ,  a n d - i t  i s  
u su a l to  a t ta c h  th e  chamber to  a lo n g  c a b le . T his has i t s  own p rob lem s, 
i n  th a t  th e  cab le  i t s e l f  can a c t  as  a  secondary  chamber, e f f e c t i v e ly  
sh u n tin g  th e  main chamber. A lso , th e  c a b le  has to  be s p e c ia l ly  p ro ­
te c te d  a g a in s t  m icrophonic e f f e c t s ,  b rough t abou t by s l i g h t  movements 
i n  th e  m a te r ia l  o f  th e  c a b le .
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le a k e  and W hite, i n  19&9 ? review ed th e  e f f e c t s  o f  p u lse d  f i e l d s
on a number o f  s ta n d a rd  in s tru m e n ts , in c lu d in g  io n i s a t io n  cham bers.
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Leake c i t e d  th e  work o f  Boag which showed th a t  f o r  a p a r a l l e l  
p la t e  chamber, th e  c o l le c tio n ; e f f ic ie n c y  f o r  a chamber su b je c te d  to  a 
con tin u o u s r a d i a t i o n  f i e l d ,  i s  g iven  by . . . . . .
f c S3 ( 1 + s  {2.93 x 10~^m ~ 2 Eq. ♦ 3 .1  • 3 •
True mean exposure r a t e  (Rhr )Where D
d = E le c tro d e  sp ac in g .
V = A pplied v o lta g e .
m a A c o n s ta n t dependent o n ly  upon th e  c h a r a c t e r i s t i c s  o f  
th e  gas f i l l i n g .
For extrem e cases  when r a d ia t io n  p u lse  d u ra tio n  i s  l e s s  th a n  th e  
t r a n s i t  tim e o f  io n s  between e le c tro d e s  » • • • • .
For c y l in d r ic a l  cham bers, th e  same eq u a tio n  a p p l ie s ,  ex cep t t h a t  
th e  e le c tro d e  s e p a ra tio n  d is ta n c e  d i s  re p la c e d  by K (a-b ) where a  and 
b a re  th e  r a d i i  o f  th e  o u te r  and in n e r  e le c tro d e s  r e s p e c t iv e ly ,  and K 
i s  a  d im ension less  fu n c tio n  o f  a and b c h a r a c t e r i s t i c  o f  th e  g e o m e tr ic a l 
arrangem ent o f  th e  chamber.
d2From Equations 3«1»3® and 3«1*4«» y °an  be exp ressed  i n  term s o f
th e  c o l le c t io n  e f f ic ie n c y ,  when m eter re a d s  f u l l  s c a le  d e f le c t io n
f o r  th e  maximum exposure r a t e  fo r  con tinuous r a d ia t io n ,  deno ted  by D «m
This produces th e  ex p re ss io n  . . . . . .
f
P
(
c- Eq* 3 * 1 .4 .
Where \x =* A c o n s ta n t depending upon gas f i l l i n g .
~*1Dq « Observed exposure dose r a t e  (Rhr ) .
N s* R a d ia tio n  p u lse  r e p e t i t i o n  freq u en cy  in  seco n d s.
30  ^ -
G reening , i n  1964 , gave a v a lu e  o f  36 .7  f o r  in, w h ile  Boag gave 
a  v a lu e  o f  1090 f o r  pi (cgs u n i t s ) .
C onverting  to  SI u n i t s ,  Eq. 3*1*5* “becomes «••••<>
/
. . . . . .  Eq. 3*1*6.
Leake produced d a ta  ta b le s  i n  th e  form o f  a  nomograph g iv in g  th e  
r e la t io n s h ip  betw een f ^ ,  f ^  and I)Qj ^ e n a b l i n g  th e  re sp o n se  o f  an  
in s tru m e n t i n  a p u lsed  r a d ia t io n  f i e l d  to  be e s tim a ted  from knowledge 
o f  th e  c o l le c t io n  e f f ic ie n c y  o f  th e  chamber a t  f u l l  s c a le  d e f le c t io n  
i n  a co n tinuous r a d ia t io n  f i e l d .
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Leake dem onstrated  t h a t  f o r  sm all v a lu e s  o f  B /N /B^, i . e .  low
dose p e r  p u ls e ,  th e  resp o n se  to  an in s tru m e n t to  p u lsed  r a d ia t io n  can 
be b e t t e r  th a n  to  con tinuous r a d ia t io n  o f  th e  same mean exposure r a t e .
The ex p la n a tio n  f o r  t h i s  r a th e r  s u rp r is in g  r e s u l t  i s  t h a t  i n  th e  
case  o f  con tinuous r a d ia t io n ,  io n s  a re  s u b je c t  to  reco m b in a tio n  d u rin g  
th e  e n t i r e  p e rio d  o f  t r a n s i t  betw een e le c t r o d e s ,  where a s  w ith  an 
in s ta n ta n e o u s  p u lse  o f  r a d ia t io n ,  th e  re g io n  o f  o v erlap  betw een th e  
two o p p o s ite ly  charged io n  c lo u d s , d e c rea se s  w ith  tim e , a s  th e  io n s  
a re  swept towards th e  e le c tro d e s ,a n d  recom bination  occu rs  on ly  i n  t h i s  
re g io n .
T h is  im p lie s  t h a t  th e  mean le n g th  o f  tim e f o r  which an  io n  i s  
s u b je c t  to  recom bination  i n  a p u lsed  r a d ia t io n  c o n d it io n , i s  o n ly  h a l f  
th a t  which o ccu rs  i n  th e  case  o f  con tinuous r a d ia t io n .
I f  th e  d u ra tio n  o f  a r a d ia t io n  p u lse  i s  com parable to  th e  io n  
t r a n s i t '  tim e , o r  th e  p u lse  r e p e t i t i o n  freq u en cy  i s  such t h a t  su c c e ss iv e  
p u lse s  occur w ith in  th e  io n  t r a n s i t  tim e, th e  c o l le c t io n  e f f ic ie n c y  
w i l l  approach th a t  o f  con tinuous r a d ia t io n  c o n d it io n s .
5 4
Leake showed th a t  i f .
' D N jD ~  Rhr""1  Eq, 3 .1 ,7 .o pd in
V 1.17
D
m
m
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then  th e  c o l le c t io n  e f f ic ie n c y  i n  a p u lsed  f ie ld *  f o r  p u lsed  id . l l  
exceed 0 *82 , p ro v id ed  th a t  f  > 0*90 and w i l l  exceed 0*90 p rov ided
f  > 0 . 9 7 .m
5 4Leake concluded th a t  mean c u r re n t  re a d in g  io n  chambers may be
used in . p u lse d  f i e l d s  w ith o u t s e r io u s  error* a t  exposure r a t e s  up to  
2 —1H Rhr « Therefore* a t  $0  pps th e  lo w est frequency  o f  th e  SL75““20
-1
m achine, th e  io n  chamber may be used up to  dose r a t e s  o f  2 ,500  Rhr « 
The lo w est p r a c t i c a l  dose r a t e s  a t  th e  is o c e n tr e  would be  100 Rmin \  
t h a t  i s  6 ,000  Rhr
T here a re  s e v e ra l  methods i n  which io n i s a t io n  chambers can  be  used  
f o r  th e  measurement o f  n eu tro n s  i n  a  gamma f ie ld *
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McCreary and B ayard, i n  1954j dev ised  a  gamma com pensated d e te c to r  
i n  which two cham bers, norm ally  o f  a c c u ra te ly  known equal volum es, can 
be re p la c e d  by two chambers o f  unequal volum es, b u t w ith  d i f f e r in g  
p o la r is in g  v o l ta g e s .  The d e te c to r  works on th e  p r in c ip le  t h a t  th e  
gamma ra y s  p ass  through both  cham bers, c r e a t in g  equal numbers o f  +ve 
and -v e  c h a rg es , which i n  tu rn  can ce l o u t .  Only one o f  th e  chambers 
i s  co a ted  w ith  a n e u tro n  s e n s i t iv e  m a te r ia l ,  such a s  b o ro n , so any 
re a d in g  i s  due to  th e  d if fe re n c e  i n  c u r re n t  b rough t abou t by n eu tro n  
r e a c t io n .
B alanced chambers can be g r e a t ly  im proved by u s in g  f i s s io n a b le
m a te r ia l  f o r  th e  n e u tro n  s e n s i t iv e  la y e r .  The f i s s i o n  fragm ent h as
an energy #  80 MeV, which i s  v e ry  h igh  compared to  th e  energy  r e le a s e d
from gamma in t e r a c t io n s .  T h is  in s tru m en t p robab ly  has th e  b e s t  gamma
r e je c t io n  r a t i o  o f  a l l  ty p es  o f  n eu tro n  m easuring d e v ic e s , b e in g  a b le
5 —1to  o p e ra te  i n  gamma f i e ld s  o f  10 Rhr , and u n lik e  th e  BF^ d e te c to r ,
12th e re  i s  no d e te r io r a t io n  i n  h ig h  count r a t e s ,  even a f t e r  10 c o u n ts .
The main d isad v an tag e  o f  f i s s io n  chambers i s  th a t  th e  f i s s io n a b le
m a te r ia l  must be a p p lie d  i n  a  p r e c is e  th in  f i lm , c e r t a in ly  n o t th ic k e r  
-2than  2 mg.cm • F i s s io n  fragm ents em erging from th e  f ilm  a t  an a n g le  
normal to  th e  p la n e , w i l l  have alm ost f u l l  energy , b u t th o se  em erging 
a t  an o b liq u e  ang le  through th e  f i lm , w i l l  have a reduced  en erg y .
The p r o b a b i l i ty  o f  p a r t i c l e s  emerging o b liq u e ly , i s  much g r e a te r  th a n  
th e  p r o b a b i l i ty  o f  p a r t i c l e s  emerging a t  normal in c id e n c e . T h e re fo re ,
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a c o n s id e ra b le  number o f  coun ts  a re  lo s t*  due to  th e  r e s u l t i n g  p u lse  
b e in g  o f  i n s u f f i c i e n t  h e ig h t to  exceed th e  gamma th re sh o ld  d isc r im in ­
a to r*
A nother way o f  s o lv in g  th e  problem o f  d e te c t in g  n eu tro n s  i n  a h ig h
gamma background, i s  to  u se , i n  com bination , two d i f f e r e n t  chambers
22w ith  d i f f e r in g  V s e n s i t i v i t i e s *  Coleman, i n  1969* o u t l in e d  a p o s s ib le
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method u t i l i s i n g  th e  R ossi t i s s u e  e q u iv a le n t chamber i n  com bination  
w ith  a  7*5 atm . a i r  chamber#
The resp o n se  to  n eu tro n s  and gammas i s  i d e n t i c a l  i n  th e  TE chamber* 
The re sp o n se  to  n eu tro n s  i n  th e  a i r  chamber i s  s im ila r  to  th e  re sp o n se  
o f  n eu tro n s  i n  th e  TE chamber, b u t th e  gamma resp o n se  i s  a  f a c to r  o f  3 
h ig h e r .
In  p r a c t ic e  th e  two chambers a re  p laced  to g e th e r  i n  a  f ix e d  n eu tro n  
gamma f i e l d  and th e  two s e ts  o f  d a ta  a re  combined i n  a  s im u ltan eo u s 
e q u a tio n  • • • • • •
TEV + TE = T" n r
CEi; + CE = sC  • • • • • •  Eq* 3*1*8*Y n r
Where TE^ = T issu e  e q u iv a le n t chamber s e n s i t i v i t y  to  gamma ra y s  
(4*2 x 10 ^  A mrad ^hr ■**•)
TE^ s  T issu e  e q u iv a le n t chamber s e n s i t i v i t y  to  n e u tro n s  
(4*2 x lO**^ A mrad"*'*'hr \ )
CEj, = A ir chamber s e n s i t i v i t y  to  gamma ra y s  
(21*3 x  10 ^  A mrad ^h r \ )
CE^ = A ir chamber s e n s i t i v i t y  to  n eu tro n s  
(6*8 x 10 ^  A mrad *4ir ^*)
Tr ts T issu e  e q u iv a le n t chamber re a d in g  i n  amps*
Cr = A ir chamber re a d in g  i n  amps.
A measurement u s in g  t h i s  com bination g iv e s  a t o t a l  abso rbed  dose 
r a t e  i n  t i s s u e ,  th e  absorbed dose r a t e  due to  n eu tro n s  and th e  abso rbed  
dose r a t e  due to  gammas.
U n fo rtu n a te ly , th e  accuracy  o f th e  c a l ib r a t io n  f a c to r s  a re  n o t
much "b e tte r  th an  -  10?b« C onsequently , i f  th e  gamma "background 
absorbed  dose r a t e  i s  g r e a te r  th an  th e  n eu tro n  absorbed dose r a t e  by 
more th a n  a f a c to r  o f  10, th e  e q u a tio n  b reak s  down.
The fo re g o in g  o b se rv a tio n s  shew th a t  a l l  th e  n eu tro n  m easuring  
d ev ices  examined, a re  t o t a l l y  o r  p a r t i a l l y  in e f f e c tu a l  i n  th e  p u lsed  
h ig h  gamma background environment, considered* A ll th e  in s tru m e n ta t io n  
p o s it io n e d  in s id e  th e  tre a tm e n t room would r e q u ire  e l e c t r o s t a t i c  
s c re e n in g  from th e  BP# Some o f  th e  in s tru m e n ts  could  be made to  
o p e ra te  w ith  a d d i t io n a l  expensive , s o p h is t ic a te d ,  f a s t  co u n tin g  
system s. A lthough t h i s  equipment was p o s s ib ly  o b ta in a b le ,  i t  would 
have been a v a i la b le  on ly  f o r  r e s t r i c t e d  p e r io d s ,  and i t s  u n w ie ld in ess  
would make th e  i n s t a l l a t i o n  i n  a tre a tm e n t room and machine o p e ra to r* s  
a re a ,  in c o n v e n ie n t. Even w ith  th e  su p p lem en ta tion , th e  d a ta  o b ta in e d  
would be s u b je c t to  n o t in c o n s id e ra b le  e r r o r  c o r re c t io n .
O bviously th e  most p r a c t i c a l ,  conven ien t and in c id e n ta l ly  inexpen­
s iv e  s o lu t io n  f o r  th e  d e te c t io n  o f  n eu tro n s  em itted  from th e  SL75—20, 
i s  by th e  a c t iv a t io n  method, in; which th e  induced  a c t i v i t y  i s  measured 
i n  v a r io u s  m a te r ia ls .
3 .2 . • THE ACTIVATION METHOD
The a c t iv a t io n  d e te c to r  tech n iq u e  has th e  advantage o f  b e in g  
t o t a l l y  in s e n s i t iv e  to  RF e f f e c t s ,  and due to  th e  f a c t  t h a t  th e  
a c t i v i t y  produced i s  dependent upon th e  number o f  i n t e r a c t in g  
p a r t i c l e s  im pinging on th e  sam ple, i t  i s  com plete ly  in d ep en d en t o f  
p u lsed  r a d ia t io n  e f f e c t s ,  even when th e  p u lse  i s  o f  ex trem ely  s h o r t  
d u ra t io n .
F u r th e r  advantages a re  t h a t  d is c r im in a tio n  between photon  induced  
and n eu tro n  induced r e a c t io n s  can be made and any com peting r e a c t io n s  
may be s a fe ly  e lim in a te d  by c a re fu l  c o n s id e ra tio n  o f  th e  com peting 
r e a c t io n s  h a l f  l i v e s .
P robably  th e  most in t e r e s t i n g  a sp e c t o f  th e  a c t iv a t io n  d e te c to r  
system , i s  th a t  by c a r e fu l  ch o ice  o f  r e a c t io n s  w ith  a c c u ra te ly  known 
energy th re s h o ld s , i t  i s  p o s s ib le  to  g a in  knowledge o f  th e  energy  
d i s t r ib u t io n  o f the  a c t iv a t in g  p a r t i c l e s ,  e n ab lin g  assessm en t o f  th e  
b io lo g ic a l  e f fe c t iv e n e s s  o f  th e  r a d ia t io n .
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The s e le c t io n  o f  r e a c t io n s  were based on th e  fo llo w in g  r e q u ir e ­
m ents. The r e a c t io n  should have a s u f f i c i e n t ly  h igh  c ro s s  s e c t io n  
over th e  energy ran g e  o f  i n t e r e s t  w ith  a c l e a r ly  d e fin ed  energy  th r e s ­
h o ld . I t  should be in s e n s i t iv e  to  photon induced  r e a c t io n s ,  and any 
competing- r e a c t io n s  should  p re fe ra b ly  have w idely  d i f f e r in g  h a l f  
l iv e s  to  th e  r e a c t io n  o f  i n t e r e s t .  The h a l f  l i f e  o f  th e  d e s ire d  
r e a c t io n  should be o f  a  conven ien t d u ra tio n  and th e  r e s u l t i n g  a c t i v i t y  
should  be e a s i ly  m easurab le . The a c tu a l  sam ples o f  m a te r ia ls  should  
be s im p le , s a fe ,  sm a ll , e a s i ly  p o s itio n e d  and removed, from th e  p o in t  
o f  i n t e r e s t .
I n  co u n tin g  th e  sam ples, i t  was d e s ir a b le  to  have background from 
s tr a y  r a d ia t io n  as  low a s  p o s s ib le ,  b u t w ith  th e  co u n tin g  equipm ent 
a s  c lo s e  to  th e  machine a s  cou ld  be to le r a te d .
The d e te c to r s  e v e n tu a lly  chosen were b a re  and cadmium covered 
indium  f o i l s ,  p a r a f f in  wax m oderated indium  f o i l s ,  phosphorus .cap su les  
and aluminium; d i s c s .  The d e t a i l s  a re  shown i n  Table 3 * 2 .1 .
A ll th e  samples (e x c e p tin g  th e  aluminium d is c s )  were counted  on 
an u n sh ie ld ed  Mini M onitor type  *E* end window g e ig e r  c o u n te r . T h is  
model weighs on ly  $00  grams and f i t s  e a s i ly  in to  a  b r i e f - c a s e .
N orm ally, th e  Mini M onitor h as  an *a u d ib le  ra te *  o u tp u t sp eak er 
so ck e t b u t on t h i s  p a r t i c u la r  in s tru m en t th e  c i r c u i t  was m od ified  to  
g iv e  an o u tp u t p u lse  s u i ta b le  f o r  o p e ra t in g  a s c a le r  c o u n te r .  I t  was 
no t n ecessa ry  to  t r a n s p o r t  a  s c a le r  to  each a c c e le r a to r  i n s t a l l a t i o n ,  
as  a t  a l l  th e  h o s p i ta l s  concerned a  s c a le r  f o r  th e  m easurem ents was 
a v a i la b le .  The d a ta  tak en  and reco rd ed  f o r  t h i s  p r o je c t ,  was o b ta in e d  
from th e  Mini M onitor a tta c h e d  to  a s c a le r  c o u n te r .
The. background count on th e  in s tru m en t from cosmic r a y s  and lo c a l  
a c t i v i t y ,  was0.3 coun ts  p e r  second, and a s  th e  sample co u n ts  were many 
tim es g r e a te r  th an  t h i s ,  i t  was p o s s ib le  to  count th e  sam ples i n  th e  
v i c i n i t y  o f  th e  tre a tm e n t a re a ,  p ro v id in g  th e  machine was n o t o p e ra t in g  
i n  th e  a c c e le r a t io n  mode, and th a t  th e re  were no o th e r  r a d io lo g ic a l  
tre a tm e n ts  b e in g  conducted i n  th e  im m ediate a r e a .
The tech n iq u e  i s  w e ll known. The sam ples a re  p lac ed  i n  a  r a d i a t io n  
f i e l d  f o r  a  known le n g th  o f  tim e and th en  counted  on a  s u i t a b le  b e t a -
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gamma r a d ia t io n  m o n ito r, th e  decay tim e and count b e in g  c a r e f u l ly  
recorded ,. The coun t r a t e  f o r  s a tu r a t io n  a c t i v i t y  i s  o b ta in e d  u s in g  
th e  e x p re ss io n  . . . . . .
C *Xt^ •
— ~ = x t .   E(1, 3 *2 *1*
( l - e  1 ) e 2 ( l - e  3)
Where C = Counts f o r  s a tu r a t io n  a c t i v i t y  s
C = Counts observed  o
t^  ss I r r a d i a t i o n  timfe 
tg  « Decay tim e 
t^  ® Count tim e
X a The decay c o n s ta n t f o r  th e  r e a c t io n
The decay co n s ta n t i s  o b ta in ed  from
log_2
u-..u i . . » » • « > •  E g . •  3 * 2 . 2 .
Throughout a l l  th e  m easurem ents, th e  i r r a d i a t i o n  was n o rm alised  
to  a  co n tin u o u sly  reco rd ed  re a d in g  o f  th e  l in e a r  a c c e le r a to r  beam 
c u r r e n t ,  c a l ib r a te d  i n  radmin*"^ a t  th e  i s o c e n tr e ,  and th e  i r r a d i a t i o n  
tim e was s e t  by th e  machine tre a tm e n t au to m atic  t im e r , which o p e ra te d  
th e  a c c e le r a to r  f o r  a  p re c is e  p e r io d .
I t  should  be n o ted  th a t  th e  is o c e n tr e  o f  th e  p a r t i c u l a r  l i n e a r  
a c c e le r a to r s  concerned , occu rs  a t  100 cm. from th e  photon  t a r g e t  i n  
th e  fo rw ard  d i r e c t io n  o f  th e  main beam.
F u r th e r  c o r re c t io n s  were made fo r  th e  dead tim e o f  th e  co u n tin g  
equipm ent by . . . . . .
Where » True coun t r a t e  t
C = Counts observed  o
t -  The dead tim e o f  th e  co un ting  system
T‘ was g iven  i n  th e  Mini M onitor*s m anufacturing: d a ta , a s  100 p s , 
which was f ix e d  by an e le c tro n ic  quench c i r c u i t*  T h is f ig u re  was 
v e r i f i e d  u s in g  th e  two source  method and th e  ex p ress io n  •*•*• •
R-i + Rp “* ^-io
t =----------  £------------------------------------  Eq. 3*2*4.
2(HX Eg)
Where t = The dead tim e o f  th e  co u n tin g  equipment
R^ =r Count r a t e  o f  so u rce  1
Rg « Count r a t e  o f  source 2
R l2= Count r a t e  o f  bo th  sou rces to g e th e r
For b e ta  e m ittin g  samples i t  i s  n ecessa ry  to  c o r re c t  f o r  b e ta
s e l f  ab so rp tion*  I t  i s  found th a t  th e  number o f  e le c tro n s  d ec rease
approx im ate ly  e x p o n e n tia lly  w ith  in c re a s in g  ab so rb er th ic k n e ss  fo r
a t te n u a t io n  f a c to r s  o f  up to  20. For g r e a te r  a t te n u a t io n  f a c to r s ,  .
88b e ta  a b so rp tio n  becomes more rap id *  W hitehouse, i n  1953* showed th a t  
-th e  h a l f  v a lu e  th ic k n e ss  a cou ld  be approx im ate ly  c a lc u la te d  from • • • • • •
z 3£ 2 —2 a s  0*095 A E gem • • • • • •  Eq. 3*2*5.QaX
The f r a c t io n  o f  e le c tro n s  tra n sm itte d  through an a b so rb in g  medium 
depends, i n  a com plicated  manner, on th e  sou rce  energy d i s t r i b u t i o n ,  th e  
v a r ia t io n  range w ith  energy, m u ltip le  s c a t te r in g  and atom ic number. I t  
i s  e n t i r e ly  f o r tu i to u s  th a t  a q u asi ex p o n en tia l law e x i s t s ,  so , f o r  b e ta  
s e l f  a b so rp tio n , c o r re c t io n s  can be made by u s in g  th e  e x p re s s io n  • • • • • •
C .
~  ( l - e -1” 1)  Eq. 3 .2 .6 .
Where C^ = True counts
C = Counts observed
® —2
t  = Thickness o f  sample (mgem )
2 —1p sr The a b so rp tio n  c o e f f ic ie n t  (cm mg )
The a b s o rp tio n  c o e f f ic ie n t  i s  deduced by i r r a d i a t i n g  sam ples o f
v a ry in g  th ic k n e ss e s  and th en  p l o t t i n g  an a b so rp tio n  c u rv e . T h is was
n e ce ssa ry  on ly  f o r  th e  phosphorus d e te c to r ,  and was found to  be 
2 —10,0127 cm mg • The e m p iric a l c a l ib r a t io n  method using : an  AmBe n e u tro n  
so u rce , d e sc rib e d  l a t e r ,  a u to m a tic a lly  ta k e s  account o f  b e ta  s e l f  
a b so rp tio n  i n  th e  indium  d e te c to r .
Having a r r iv e d  a t  th e  f i n a l  c o rre c te d  coun t r a t e  f o r  s a tu r a t io n  
a c t i v i t y ,  th e  f lu x  d e n s ity  i s  c a lc u la te d  from . . . . . .
1
£
0  s  C . -■■■■ "■«i ji._ m--i> ' ■ ■ . . . . . .  E^» 3 • 2 .6 .
S a . N . 60 n
Count r a t e  p e r  m inute f o r  s a tu r a t io n  a c t i v i t y  
Used c ro s s  s e c t io n  (cm )
Humber o f  atoms i n  sample
The An: co u n tin g  e f f ic ie n c y  o f  th e  co u n tin g  equipm ent 
f o r  th e  p a r t i c u la r  r e a c t io n  concerned
The number o f  atoms i s  computed from . . . . . .
1
H — A • W . w . . . . . .  Eq. 3 . 2 . 7 *
= Avogadro’s c o n s ta n t 
=* Weight o f  sample i n  grams 
= Atomic w eight o f  1 gmole
In  a l l  th e  above m entioned r e a c t io n s ,  on ly  n eu tro n s  co u ld  produce 
th e  d e s ire d  r e s u l t in g  iso to p e  w ith  th e  machine c o n d itio n s  s e t  f o r  th e s e  
p a r t i c u la r  in v e s t ig a t io n s .
The problem -with u s in g  E quation  3*2 .1 . to  o b ta in  Cg co u n t s a tu r ­
a t io n ,  i s  t h a t  i t  i s  n o t p o s s ib le  to  d isc o v e r  i f  any com peting 
r e a c t io n s  have o cc u rred . Taking on ly  one coun t a t  low co u n t r a t e s  
can g iv e  la rg e  s t a t i s t i c a l  e r r o r s ,  and ta k in g  .and a n a ly s in g  s e v e ra l  ' 
coun ts  can be on ero u s. To overcome th e se  problem s, a  g ra p h ic a l  
method was u sed , i n  which each count iras p lo t te d  a g a in s t  th e  decay  tim e , 
p lu s  h a l f  th e  count tim e , on a  l o g - l i n  g rap h . The h a l f  l i f e  o f  th e
Where A 
W 
w
Where C = s
CTn =
N B 
£ =
re q u ire d  known r e a c t io n  can be i n i t i a l l y  superim posed on th e  graph*
Any d e v ia t io n  o f  th e  d a ta  from th e  superim posed h a l f  l i f e  i s  immed­
i a t e l y  obvious and would th e r e fo re  be in d ic a t iv e  o f  a com peting 
re a c tio n *  In  th e  absence o f  a com peting r e a c t io n ,  a  s t r a i g h t  l i n e  
can be drawn through a l l  th e  c o r re c te d  observed  d a ta  p o in t s ,  u s in g  
p a r a l l e l  r u le s  s e t  a g a in s t  th e  superim posed h a l f  l i f e *  The coun t r a t e  
a t  ze ro  tim e, t h a t  i s ,  th e  moment a t  which th e  sample was removed from 
th e  i r r a d i a t i o n  f i e l d ,  can  be o b ta in ed  from th e  graph by e x t r a p o la t io n .  
The e r r o r s  a re  m inim ised because th e  e x tra p o la te d  count a t  ze ro  tim e i s  
th e  p ro d u c t o f  a number o f  observed  c o u n ts .
P re lim in a ry  t e s t s  c le a r ly  showed th e re  were no com peting r e a c t io n s  
a t  a l l  i n  th e  indium  f o i l s ,  th e  observed co u n ts  a f t e r  c o r r e c t io n  
fo llo w in g  e x a c tly  th e  54*5 m inute h a l f  l i f e *  However, th e  phosphorus 
had a  v e ry  s tro n g  com peting r e a c t io n  w ith  a  h a l f  l i f e  o f  s e v e ra l  m in u tes , 
b e lie v e d  to  be produced from ^ P ( Y .n ) ^ P .  For t h i s  re a so n  i t  was 
n ecessa ry  to  w a it f o r  te n  m inutes b e fo re  commencing c o u n tin g , a f t e r  
which tim e , th e  c o r re c te d  d a ta  fo llow ed  e x a c tly  th e  1 5 6  m inute h a l f  
l i f e *
In  a l l  ca ses  where th e  induced  a c t i v i t y  a llow ed , betw een 5 and 10 
coun ts  were made on each sam ple, i n  o rd e r  to  o b ta in  good s t a t i s t i c s ,  
each coun t b e in g  tak en  a t  a s u i ta b le  in t e r v a l  o f  th e  h a l f  l i f e  co n cern ed . 
Most o f  th e  coun ts  were tak en  o v er 1 m inute, b u t a t  th e  end o f  one h a l f  
l i f e  f o r  th e  phosphorus r e a c t io n ,  when th e  observed co u n ts  were g e t t in g  
low, th e  count tim e was extended to  two m inutes to  m inim ise th e  s t a t i s t ­
i c a l  sp rea d .
* *
T y p ica l d a ta  s h e e ts  f o r  th e  indium  and phosphorus r e a c t io n s  a re  
g iv en  i n  F ig s .  3*2*1. and 3*2.2*
. 3 .3 . "the MODERATED INDIUM FOIL DETECTOR 115I n ( n ,y ) l l 6 I n
T his d e te c to r  was co n sid e red  to  be th e  most im p o rta n t o f  a l l  th e
d e te c to r s ,  no t on ly  because o f  i t s  h igh  s e n s i t i v i t y  o v er th e  whole
n eu tro n  energy ra n g e , b u t a ls o  because i t  h as  a  re c o rd  o f  s u c c e s s fu l
use a t  a  number o f  in te r n a t io n a l  h igh  energy la b o r a to r ie s ,  and i t s
82
c h a r a c te r i s t i c s  have been e s ta b lis h e d  by S tephens e t  a l ,  1962 ,
19 24
Charalambus e t  a l ,  1966, and Coleman, 1972.
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The moderator co n sisted  o f  a sphere o f  p a ra ffin  wax, 7 in ch es in  
diameter# A h o le , 1 inch, in  diam eter, was d r il le d  h a lf  way through 
the sphere and then, f i l l e d  w ith a wax plug’.
The indium, in  the shape o f  a f o i l  o f  nominal weight 400 wg:**
was p laced  in  the cen tre  o f  the p a ra ffin  wax sphere. The com plete
assembly was then p laced  in  a 1 mm. th ick  cadmium can.
%
This rea ctio n  i s  brought about by the capture o f  a thermal neutron.
When a f a s t  neutron en ters the wax moderator, a s e r ie s  o f  e l a s t i c
c o l l i s io n s  slow the neutron, u n t i l  i t  f in a l ly  reaches a s ta te  in  -which
i t  i s  captured. In  order to ensure on ly  the f a s t  neutron component
g e t t in g  through to  the f o i l ,  the moderator i s  screened w ith the cadmium
can. . The energy response o f  t h is  d ev ice , gi-rcen by Stephens and 
82
A ceto, in  1962, i s  shown in  F ig . 3*3»1*
10
o w c . o a  </> a> a:
1-0
0-1
0-1 10 M ev
F ig . 3*3«1* The n e u tro n  energy resp o n se  o f  p a r a f f in  wax
m oderated indium  f o i l s .  (S tephens and A ceto,, 1 9 6 2 )82
B efore commencing th e  experim en ta l m easurem ents, i t  w as .d ec id ed  to  
c a l ib r a te  th e  Mini M onitor as  a c c u ra te ly  a s  p o s s ib le ,  u s in g  th e  e x te n —
59
s iv e  f a c i l i t i e s  a v a i la b le  a t  th e  R u th erfo rd  L ab o ra to ry . An e la b o ra te  
indium  f o i l  co u n tin g  system , w ith  v e ry  a c c u ra te ly  known c h a r a c t e r i s t i c s ,  
had been i n  use a t  th e  L ab o ra to ry  f o r  many y e a r s .  There was a ls o  th e  
p o s s i b i l i t y  o f  u s in g  a c a l ib r a te d  n eu tro n  so u rce , as an o th e r  and 
e n t i r e ly  s e p a ra te  method o f  v e r i f ic a t io n ?  o f  th e  re q u ire d  c a l i b r a t i o n  
f ig u r e s .
The c a l ib r a t io n  f ig u r e ,  u s in g  th e  400 mg. f o i l s  i n  th e  7 in c h
sphere  on th e  R u th e rfo rd  co u n tin g  system , was known to  be 2 .48  cpm to
,  - 2-1g iv e  1 ncm s •
A c tiv a te d  indium; i s  a  p>Y e m it te r  and i t  i s  common p r a c t ic e  a t  th e
R u th erfo rd  L abora to ry  to  c a r ry  o u t a d a i ly  c a l ib r a t io n  check o f  th e
90 238co u n tin g  equipm ent, u s in g  a  S r source  and a U so u rc e . The f i r s t
c a l ib r a t io n  o f  th e  Mini M onitor was c a r r ie d  o u t u s in g  th e  two so u rc e s
on b o th  s e ts  o f  co u n tin g  in s tru m e n ts  and th en  comparing th e  r e s u l t s  as
fo llo w s • • • • •»
C C‘
C = - I ——  Eq. 3 .3 .1 .
m oH
Where CL = C a l ib r a t io n  f ig u r e  f o r  th e  R u th e rfo rd  equipm ent
—2( 2.48  cpm to  g iv e  1 ncm s ' . )
C’ = Counts observed on th e  Mini M onitor (cpm)om \  /
Cqr = Counts observed  on th e  R u th e rfo rd  equipm ent (cpm)
and C i s  th e  r e q u ire d  c a l ib r a t io n  f ig u r e  f o r  th e  Mini M onitor i n
m -2  -1  cpm p e r  ncm s •
The r e s u l t s  were • • • • • • .
f o r  . 9°S r = 2 .4 8 _x_ 8 9 0 _ -_ 3 0 _  = 3>2Q3 + ^
689 i  26
f o r  = 3.207  -  1 . 24$
11600 -  108
A more e x te n s iv e  c a l ib r a t io n  was th en  c a r r ie d  o u t w ith  a  1 Ci AmBe 
n eu tro n  so u rce , which had been c a l ib r a te d  u s in g  th e  MnSo^ b a th  
tech n iq u e , to  an accu racy  o f  — 2%* The t o t a l  n eu tro n  o u tp u t o f  th e
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so u rce  i n  4n  geom etry was 1*93 2: 10 ns • T h is produced a  n eu tro n
—2 —1f lu x  d e n s ity  o f  61*423 ncm s a t  a  d is ta n c e  o f  50 cm. from th e  
so u rc e .
The spectrum  f o r  AmBe n eu tro n s  i s  g iven  i n  Pig* 3*3*2# If. a  mean
n eu tro n  energy  o f  4*5 MeV i s  assumed f o r  th e  spectrum , an  e f f e c t iv e  DE
—2 —1 —1co n v ersio n  f a c to r  o f  6*8 ncm s f o r  1 mremhr , can he  used* T h is
g iv e s  a  DE o f  9 mremhr * a t  50 cm* from th e  so u rce .
Y = 23-q below 1 Mev 
Ea v e = 40°  kev
10* . . Mev
Pig* 3*3*2. The AmBe n eu tro n  spectrum . (L urch , 1973)~8
F or th e  c a l ib r a t io n  m easurem ents, th e  AmBe sou rce  was p o s it io n e d  
i n  a  r e l a t i v e l y  s c a t t e r  f r e e  a r e a ,  w ith  fo u r  p a r a f f in  wax sp h e re s  
loaded  w ith  indium  f o i l s ,  p laced  around th e  so u rce  a t  a d is ta n c e  o f  
50 cm. The d e te c to r s  were p o s it io n e d  a t  a n g le s  o f 9 0 ° , 180°, 2?0° 
and 360 ° . A ll th e  f o i l s  were i r r a d i a t e d  a t  th e  same tim e , any s c a t t ­
e r in g  from th e  p a r a f f in  wax, b e in g  ig n o re d . The i r r a d i a t i o n  tim e was 
162 m in u tes . Each f o i l  was counted fo r  a p e r io d  o f  1 m in u te , 5 t im e s , 
a t  s u i ta b le  i n t e r v a l s ,  d u rin g  th e  decay perio d *  The r e s u l t s  a re  shown 
i n  P ig .  3*3*3*
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The average coun t f o r  s a tu ra tio n s  a c t i v i t y  was 196*6 cpm -  8$,
+ * ' —2- —1 which g iv e s  a  c a l ib r a t io n  f ig u re  o f  3*2 -  8$ cpm p e r  nc'nt s. •
From a l l  th re e  c a l ib r a t io n s ,  a  mean f ig u r e  o f  3*2 was o b ta in e d , 
and th e  l a r g e s t  e r r o r  o f  8fo o c c u rr in g  i n  th e  c a l i b r a t io n  u s in g  th e  
AmBe so u rc e , was ta k en  as  th e  p ro b ab le  e r r o r  f o r  a l l  c a lc u la t io n  y 
purposes*
The coun ts  o b ta in e d  from th e  indium  f o i l s  under th e  ex p erim en ta l 
c o n d itio n s  p e r ta in in g  to  th e  in v e s t ig a t io n s ,  were ex trem ely  h ig h , so 
th e  s ta n d a rd  d e v ia t io n s  were c o rre sp o n d in g ly  low . T aking th e  moder­
a te d  indium  r e s u l t s ,  g iven  i n  T able 3 » 8 .1 .,  i t  can be seen  th a t  i n  j u s t  
over 5 0 fo o f  th e  m easurem ents, th e  f lu x  d e n s i t i e s  were g r e a te r  th a n
c  ...q  /  ^
1 Qr ncm"" s*~ , and a  f u r th e r  42$ were i n  excess  o f  10 ncm s  • The 
s ta n d a rd  d ev ia tio n ; o n  a count to  g iv e  a  f lu x  d e n s ity  r e s u l t  o f ’
105 n cm ~ ^s~ \is  0*6 $ , and f o r  10^ ncm*"*2s~^, 1*83$. T h e re fo re , th e  
s tan d a rd  e r ro r  on j u s t  over 93$ o f  th e  indium  d a ta ,  i s  l e s s  th an  2$ .
A c a re fu l  assessm en t o f  th e  sy s tem a tic  e r ro r s  was made, and th e s e  
in c lu d e d  ............
1) The sw itch  o f f  tim e o f  th e  machine -  1 second i n  60 seconds
(i 1*66$)
2) The decay tim e -  3 seconds i n  180 seconds ( -  1*66$)
3) The v a r ia t io n  i n  th e  w eight o f  th e  f o i l s  -  20 mg* i n  400
( - 5 $ )
4 ) The v a r ia t io n  i n  d is ta n c e  from th e  t a r g e t  — 0*5 cm. i n  100 cm.
( i  0 *5 $)
5) The e r ro r  i n  th e  c a l ib r a t io n  f a c to r  c a lc u la te d  a t  — 8$
and
6) The e r ro r  i n  th e  n eu tro n  so u rce  o u tp u t -  2$
O bta in ing  th e  r o o t  o f  th e  sum o f  th e  sq u a res  o f  a l l  th e  p e rc e n ta g e  
e r r o r s ,  g iv e s  a  p ro b ab le  e r ro r  o f  -  1 0 .1 $ .
3 . 4 . THE BARE AND CADMIUM COVERED INDIUM FOIL DETECTOR
115_  /  \ 116t  *'In(n,Y) In
F o r th e  measurement o f  therm al n e u tro n s , two indium  f o i l s  a re  
u sed , one f o i l  i n  a 1 mm. th ic k  cadmium “box and one o u ts id e  th e  Box.
The t o t a l  c ro ss  s e c t io n s  a re  shown i n  F ig . 3 .4*1 . The used  c ro ss  
s e c t io n  f o r  therm al n eu tro n s  i s  tak en  as 192 b a rn s . I n  t h i s  c a se , 
due to  th e  la c k  o f  a therm al n eu tro n  sou rce  o f  known o u tp u t ,  i t  was 
n ec e ssa ry  to  c a lc u la te  th e  c a l i b r a t io n  f ig u r e .  The An co u n tin g  
e f f ic ie n c y  o f  th e  Mini M onitor f o r  th e  /5 V em issions was th e r e fo r e  
re q u ire d  to  be e s tim a te d . The /> V e n e rg ie s  and y ie ld  p e rc e n ta g e s  a re  
g iven  i n  T able 3 .2 .1 .  The most s u i ta b le  b e ta  source a v a i la b le ,  o f  
known o u tp u t and s im i la r  energy , was ^ ^ T l  a t  0 .7 65 MeV. The most 
s u i ta b le  gamma so u rce  a v a i la b le  was ^ C o .
The b e ta  co u n tin g  e f f ic ie n c y  i n  th e  geom etry i n  which th e  f o i l s  
were coun ted , was found to  be 17$, and th e  gamma e f f ic ie n c y  f o r  th e  
^ C o  so u rce , 0 .179$ .
Assuming th a t  th e  gamma e f f ic ie n c y  would n o t be g r e a te r  th an  t h i s  
f ig u re  f o r  th e  low er e n e rg ie s  in v o lv e d , th e  t o t a l  gamma e f f ic ie n c y  
c a lc u la te d  from th e  gamma p e rcen tag e  abundancies fo r  th e  indium  re a c tio n *  
was 0 .3 8 $ . T his r e p re s e n ts  2 .2 $  o f  th e  b e ta  co un ting  e f f ic ie n c y ,  and 
i t s  c o n tr ib u t io n  can be co n s id e red  a s  n e g l ig ib le .
I n  p r a c t ic e ,  th e  f o i l s  were counted 5 tim es a t  10 m inute i n t e r v a l s  
and th e  count r a t e  f o r  s a tu r a t io n  a c t i v i t y  was o b ta in ed  on each p a i r  
o f  f o i l s .  The therm al neu tro n  f lu x  d e n s ity  was th en  c a lc u la te d  from 
th e  fo llo w in g  ex p re ss io n  • • • • • •
C' -  C1 sb sc  -> /  ,<p = 1 ■ ■ ■ ..«*.«• ii»q.
k
Where Cg^ • = Count r a t e  f o r  s a tu r a t io n  a c t i v i t y  on th e  b a re  f o i l  
(cpm)
C: = Count r a t e  f o r  s a tu r a t io n  a c t i v i t y  on th e  cadmium
S O
covered f o i l  (cpm) 
and k i s  th e  c a l ib r a t io n ;  c o n s ta n t c a lc u la te d  from Eq. 3 * 2 .6 .'
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To c o n v e rt th e  r e s u l t i n g  therm al n eu tro n  f lu x  d e n s ity  in to  DE,
- 2 - 1  -1a  c o n v e rs io n  f a c to r  o f  270 ncm *s to  g iv e  1 mremhr ,. was u sed .
T his f ig u r e  was tak en  from T ah le  1#1#6. U sing ICRP DE co n v e rs io n
—2 —1f a c to r ,  g iv e s  a  f ig u r e  o f  260 ncm s •
Cd
10 M axwellian
D is tr ib u t io n
o f  therm al I 
n eu tro n s  a t  I 
room tem pera tu re
1-00-1
Fig# 3 .4 .1 #  The t o t a l  c ro ss  s e c t io n s  f o r  boron , cadmium and 
indium , i n  th e  re g io n  o f  th e  M axw ellian d i s t r i b u t io n  o f  
therm al n eu tro n s  a t  room tem p e ra tu re . (Charalam bus e t  a l ,
I 966)19
3 .5 .  THE PHOSPHORUS DETECTOR 31P (n ,p )31Si
T h is  r e a c t io n  i s  a jS e m itte r  o f  energy  1 .4^  MeV, w ith  a h a l f  l i f e
o f  156 m in u tes . The used c ro ss  s e c t io n  i s  110 mbarns and i s  shown 
43
i n  P ig .  3*5 .1 . I t  can be seen  th a t  th e  c ro s s  s e c t io n  has a c l e a r ly  
d e fin ed  energy th re sh o ld  o c c u rr in g  a t  3 MeV. I t  was, th e r e fo r e ,  
p a r t i c u la r l y  u s e fu l  f o r  m easuring th e  upper re g io n  o f  th e  h igh  energy 
component.
The re d  phosphorus powder was c a r e f u l ly  weighed i n  sam ples o f  ^
3 .5  gro« and p laced  i n  sm all p l a s t i c  c o n ta in e r s .  A fte r  i r r a d i a t i o n ,  th e  
a c t iv e  powder was t ip p e d  in to  a sm all p l a s t i c  d ish  and g e n tly  p re ssed
down in to  th e  d ish  to  g iv e  as  even ly  a d i s t r ib u t io n  a s  p o s s ib le .  The
sample was th en  counted  w ith  a Mini M onitor i n  f ix e d  geom etry .
32I t  i s  common p r a c t ic e  i n  h o s p i t a l s ,  to  u se  P a s  an a id  to  d ia g ­
n o s tic  in v e s t ig a t io n s .  F u rtherm ore , i t  i s  n ecessa ry  to  d isp en se  th e  
is o to p e  i n  a c c u ra te ly  known q u a n t i t i e s .  The /3 energy i s  1 .7  UeV and 
was, th e r e fo r e ,  an alm ost id e a l  s u b s t i tu te  is o to p e  to  check th e  co u n t­
in g  e f f ic ie n c y  o f  th e  Mini M onitor f o r  3^ P (n ,p )3^Si r e a c t io n .
32A sp ec ia lly ^  made up sample o f  P was p laced  i n  th e  same d is h , and
31i n  th e  same f ix e d  geom etry, i n  which th e  P was to  be co u n ted . T h is
sample c o n s is te d  o f  0.075 pCi  o f  th e  is o to p e  i n  3. iftl. o f  w a te r . The
—2range R o f  b e ta  p a r t i c l e s  o f  E^a x > 0 .8  MeV i n  gmcm , can  be o b ta in e d  
ftom S arg ean ts  r u le  • • • • • •
R = O.526 E -  0 .094  . . . . . .  Eq. 3 .5 .1 *IHclX
o r a l t e r n a t iv e ly  u s in g  F e a th e rs  r u le  f o r  E > 0 .6  MeVmax
R = 0.542 E -  0.133 ............Eq. 3 .5 .2 .max
An e s tim a tio n  o f  th e  ab so rb in g  th ic k n e ss  T i n  cm. a s  a  fu n c tio n  o f  
d e n s ity ,  can be o b ta in ed  from . . • • • •
O.546 E -  0.16
T -  ...............~ ........................................   . Eq. 3 .5 .3 .
P
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F ig . The t o t a l  c ro ss  s e c t io n  f o r  th e  r e a c t io n .
(Hughes and Schw artz, 195&)43
The sample phosphorus powder was r a th e r  c o a rse , and th e  d e n s ity  
o f  re d  phosphorus i n  s o l id  c r y s t a l l i n e  form i s  g iven  a s  2 .2  gmcm 
However, i n  powder form , th e  sample volume gave an ap p a re n t average 
d e n s ity  o f  u n i ty .
7.0The P sample i n  3 m l. o f  w ater would add o n ly  a  v e ry  sm all amount 
o f  sodium phosphate to  th e  s o lu t io n ,  so th e  d e n s ity  o f  th e  c a l i b r a t i o n  
sou rce  would he on ly  a few p e rc e n t g r e a te r  th a n  u n i ty .
31S u b s t i tu t in g  f o r  E th e  b e ta  e n e rg ie s  o f  1 .4$ MeV f o r  th e  S imax
r e a c t io n ,  and 1 .71  MeV f o r  th e  P r e a c t io n ,  shows th e  range  o f  b e ta s
i n  th e  form er r e a c t io n  a s  15^  l e s s  th an  th e  b e ta  range f o r  p a r t i c l e s  
32em anating from ‘P.
32The re d  phosphorus sam ples and th e  P i n  w ater c a l ib r a t io n  so u rce
had nom inal i d e n t i c a l  volumes and geom etries  i n  r e s p e c t  to  th e  d e te c to r .
32T h e re fo re , u s in g  th e  e f f ic ie n c y  f a c to r  o b ta in e d  d i r e c t ly  from th e  P 
c a l ib r a t io n  so u rce , would g ive a 15a> u n d e r-e s tim a te , when adopted f o r  
th e  re d  phosphorus m easurem ents. The w eigh t o f  th e  re d  phosphorus 
sam ples was 3*46 gm. -  th e r e fo r e ,  assum ing c o n s ta n t d e n s ity  o f  th e  
powder, a d i f f e r e n t  th ic k n e ss  o f  — Sfo would be i n  ev idence (because  o f  
th e  c o n s ta n t sample a re a  due to  th e  c o n s t r i c t io n  o f  th e  p la n c h e t t e s ) .
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I t  was ex trem ely  d i f f i c u l t  to  ensure th a t  th e  re d  phosphorus 
sample powder was even ly  d i s t r ib u te d  i n  th e  p la n c h e tte  and had equal 
d e n s ity  th roughou t th e  sam ple. Simply g e n tly  p re s s in g  down th e  
powder, s ig n i f i c a n t ly  a l t e r e d  th e  th ic k n e s s .
Due to  th e  u n c e r ta in t ie s  i n  th e  d if f e re n c e s  between th e  b e ta
a b so rp tio n  i n  th e  powder and th e  b e ta  a b s o rp tio n  i n  th e  sam ple, i t  was
32decided  to  use th e  a c tu a l  f ig u re  o b ta in ed  from th e  P sam ple, bearin g ; 
i n  mind th a t  t h i s  cou ld  produce a p o s s ib le  u n d e r -e s tim a tio n  in  th e  
phosphorus r e s u l t .  I t  was co n sid e red  u n l ik e ly  th a t  t h i s  u n d e r-e s tim ­
a t io n  would be as  h igh  as th e  th e o r e t ic a l  f ig u re  o f  1 5 $ ,  because o f  
th e  lo o se  pack ing  o f  th e  re d  phosphorus g ra n u le s  i n  th e  p lanchette®  
Indeed , m easuring th e  volumes o f  th e  powder in d ic a te d  a p p a ren t dens­
i t i e s  o f  l e s s  th an  u n ity  i n  some sam ples. I t  was co n s id e red  most 
l i k e l y  th a t  a lthough  th e  b e ta  energy was low er i n  th e  re d  phosphorus 
sam ple, th e  d e n s ity  was a lso  low er, and any d if f e r e n c e  i n  th e  a b so rp -
/ "f*t io n  p ro c e ss  would p robab ly  be w ith in  th e  -  to  -  12% e r ro r  i n  d i s ­
pensation ! o f  th e  c a l ib r a t io n  is o to p e ,
77
The co u n tin g  e f f ic ie n c y  was found to  be 4+&%9 which in c lu d e s  th e  
/5 s e l f  a b so rp tio n  c o r r e c t io n  f a c to r  and. th e  s h ie ld in g  e f f e c t  o f  th e  
p ro te c t iv e  mesh over th e  end o f  th e  g e ig e r ,  which, a c co rd in g  to  th e  
m an u fac tu re r, gave a 40% co u n tin g  lo s s .  T h is  r e l a t i v e l y  low 4n  co u n t­
in g  e f f ic ie n c y  was a lbo  p a r t ly  due to  th e  geom etry o f  ■ th e  d e te c to r ,  
i n  r e s p e c t  to  th e  sam ple, 2Tot: on ly  was th e  sample 1 cm, from th e  
g e ig e r ,  b u t th e  sample d ish  was s l i g h t l y  l a r g e r  th a n  th e  s e n s i t iv e  
window a re a  o f  th e  d e te c to r .
Once ag a in  th e  sam ples were counted 5 tim es a t  s u i t a b le  i n t e r v a l s
o f  th e  h a l f  l i f e ,  b u t a s  p re v io u s ly  s ta te d ,  a llo w in g  a t  l e a s t  10 iiiins,
to  e la p se  fo r  th e  com peting r e a c t io n  to  d im in ish . The c a l i b r a t i o n
f ig u r e ,  c a lc u la te d  from E quation  3 * 2 .6 ,,  was found to  be 0 .02  cpm to  
- 2 - 1g ive  1 ncm s f o r  n eu tro n s  w ith  an energy g r e a te r  th a n  3 MeV,
8 4  —1
For f a s t  n eu tro n s , a DE c o n v e rs io n  f a c to r  o f  6 .8  ncm s can be
used , to  g iv e  1 mremhr"" .
The t o t a l  e r ro r  o n .th e  d e te c to r  in c lu d e s  th e  s ta n d a rd  d e v ia t io n , 
which, on 90% o f  th e  r e s u l t s  was le s s  th an  5*5$* The sy s te m a tic
6 8
e r ro r s  in c lu d e  » ••* ••
The sw itch  o f f  tim e ( — 1*66%)
The decay tim e (*  1 .66$)
The e r ro r  i n  th e  w eight o f  sample (~  0 ,33$)
The d if f e re n c e  i n  w eight o f  sample (— 6$) 
and
32The e r ro r  im  th e  d is p e n s a tio n  o f  th e  P c a l ib r a t io n  sam ple, 
not; b e t t e r  th an  -  7$ and n o t worse th a n  12$#
T aking th e  r o o t  mean square  o f  a l l  th e se  e r r o r s ,  p roduces a  most 
p ro b ab le  e r ro r  o f  n o t b e t t e r  th a n  -  11$ and n o t worse th a n  14*7$*
3 .6 . THE ALUMINIUM DETECTOR 27A l(n ,a )24Na
D e te c tin g  th e  induced  a c t i v i t y  o f  th e  aluminium sam ples was more 
com plicated  than  th e  sim ple /5 V co u n tin g  tech n iq u es  p re v io u s ly  m entioned . 
The r e a c t io n  fo llo w s th e  decay scheme • • • • • •
27A l( n ,a ) 24Na 2 \ g  + p + y
I n  t h i s  system , th e  y  e m iss io n  from th e  r e a c t io n  i s  s tu d ie d  i n  a 
gamma sp ec tro m e te r , and on ly  th e  in c id e n ts  o c c u rrin g  i n  th e  w e ll-d e ­
f in e d  1 .37  MeV and 2.75 MeV photo  peaks, a r e  coun ted , P ig .  3 * 6 .1 .,  a s  
i n  th e  methods d e sc rib e d  by H argreaves i n  1967* and Coleman i n  1971*
The low er energy peak o f  1 .3 7  MeV i s  u s u a l ly  used i n  p r a c t i c e ,  and 
th e  co u n ts  a re  in te g ra te d  over t h i s  peak , co rresp o n d in g  to  150 KeV 
b e fo re , and 188 KeV, a f t e r  th e  peak c e n tr e ,  s u b tra c t in g  th e  background 
over th e  same number o f  ch an n e ls .
19
The used c ro ss  s e c t io n  g iv en  by Charalambus e t  a l ,  1966, i s  80 mbarns 
w ith  an energy th re sh o ld  a t  7 MeV. P ig . 3 * 6 .2 .
A 3 i n .  x 3 i n .  sodium io d id e  c r y s ta l  was used a s  th e  d e te c to r  and 
i t s  co u n tin g  e f f ic ie n c y  was m easured, u s in g  an aluminium' d is c  o f  th e  same 
p h y s ic a l dim ensions as  th e  sample d is c s ,  w ith  a  known q u a n t i ty  o f  24Na 
d ep o s ite d  on one s id e .  By ta k in g  an in te g ra te d  count i n  th e  1 .37  MeV 
photo peak , from bo th  th e  a c t iv e  and r e v e rs e  s id e  o f  th e  c a l i b r a t io n  
d is c ,  an average co u n tin g  e f f ic ie n c y  o f  5*4$ uas o b ta in e d .
1)
2 )
3)
4)
5)
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0 1 2 MeV 3
3 .6 .1 .  A ty p ic a l  gamma spectrum  o f  a c t iv a te d  aluminium
showing th e  sodium 24 photo p eak s . (Coleman, 1971) 26
-  O
100 MeV
g 3 .6 .2 .  The n eu tro n  c ro ss  s e c t io n  f o r  th e  p ro d u c tio n
19
o f  sodium 24 i n  alum inium . (Charalam bus e t  a l ,  1966)
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Gamma sp ec tro m ete r equipm ent i s  ex trem ely  bu lky , and th e  ap p a ra tu s  
used i n  th e se  m easurem ents, was a v a i la b le  f o r  on ly  a  l im ite d  period*
I t  was d ec id ed , th e r e fo r e ,  to  make one a c c u ra te  measurement a t  only? 
one im p o rtan t p o s i t io n .  A t o t a l  o f  8 aluminium d is c s , 1 in*  i n  diam­
e te r  x 1 i n .  th ic k ,  were p laced  a lo n g  th e  a x is  o f  th e  main beam, 
betw een 19 cm. and 100 cm. from th e  t a r g e t ,  i n  th e  fo rw ard  d i r e c t io n  
o f  th e  beam.
The r e l a t i v e l y  lo n g -co u n t tim es ( ty p i c a l ly  30 m in s .)  en su re  t h a t  
th e  co u n tin g  s t a t i s t i c s  can be m inim ised, e .g .  on th e  sam ples f u r th e s t  
from th e  t a r g e t ,  th e  s ta n d a rd  d e v ia tio n  was l e s s  th an  4$«
The main e r ro r s  i n  t h i s  d e te c to r  system  were a ) th e  la r g e  e r r o r  i n  
th e  e f f ic ie n c y  m easurem ent, e s tim a te d  a t  -  25$ , and b) th e  c o n s id e ra b le  
v a r i a t io n  i n  c ro ss  s e c t io n  over th e  energy range  o f  i n t e r e s t ,  e s tim a te d  
a t  — 30$. Combining th e se  e r ro r s  g iv e s  a p ro b ab le  e r r o r  o f  -  39$*
3 .7 . THE GENERAL EXPERIMENTAL CONDITIONS INSIDE THE BIOLOGICAL SHIELD
Throughout th e  experim en ts, th e  16 MeV photon beam was s e t  to  p ro ­
duce a  s te a d y  o u tp u t a t  th e  is o c e n tr e  o f  800 radm in I t  should  be
noted  th a t  i n  C hapter 2 , th e  maximum s e t t in g s  quoted f o r  th e  Xray beams, 
a re  th e  s ta n d a rd  b ro ch u re  v a lu e s ,  and a l l  m achines a re  s e t  to  th e se  
maximum le v e ls  b e fo re  le a v in g  th e  f a c to ry .  I n  f a c t ,  th e  SL75-20 
M achine, i s  capab le  o f  p roducing  beams a f a c to r  o f  two h ig h e r .  The 
normal b re rasstrah lu n g  r a d ia t io n  producing  t a r g e t  and pho ton  f l a t t e n i n g  
f i l t e r ,  were i n  p o s i t io n ,  and th e  r a d ia t io n  f i e l d  d e f in in g  diaphragm s 
were opened to  maximum ap e rtu re ,w h ich  produced a  sq u are  f i e l d  of. 32 cm. 
x  32 cm. a t  th e  i s o c e n tr e .
A ll th e  dim ensions o f  th e  measurement p o s i t io n s  i n  th o  v i c i n i t y  o f  
th e  machine head , were tak en  from a  zero  p o in t ,  r e p re s e n te d  by th e  
b rem sstrah lu n g  t a r g e t .  The p o s i t io n s  a t  which th e  a c t iv a t io n  sam ples 
were p la c e d , were l im ite d  to  s e v e ra l  s u i ta b le  a n g le s , th e  most im p o rt­
a n t  b e in g  i n  th e  forw ard d i r e c t io n  o f  th e  main beam. I t  was a ls o  
e s s e n t ia l  to  measure a c ro ss  th e  main beam, and i n  p a r t i c u l a r  a long ' th e  
ang le  o f  shadow c a s t  by th e  edges o f  th e  f i e l d  d e f in in g  d iaphragm s.
For s id e  s h ie ld in g  p u rp o ses , measurements were tak en  a lo n g  an  an g le  o f  • 
90°  to  th e  t a r g e t ,  and a t  o th e r  a p p ro p r ia te  p la c e s  around th e  head u n i t .
71
M ainly , f o r  r a d io lo g ic a l  p ro te c tio n ; c o n s id e ra t io n s ,  a  nuraDer 01 
m easurem ents were made a long  th e  w a ll i n  th e  d i r e c t io n  o f  th e  la b y r in th  
en tran ce#  In c lu d ed  i n  th e se  p a r t i c u la r  in v e s t ig a t io n s ,  were f ilm s  
and f a s t  n eu tro n  em ulsions# Most o f  th e  measurements were tak en  a t  
ap p ro x im ate ly  beam h e ig h t ,  and a l l  th e se  r e s u l t s  were no rm alised  a t  
100 radrain  a t  th e  iso c e n tre #  The g e n e ra l ex p erim en ta l measurement 
la y o u t i s  shown i n  F ig .  3*7*1*
3 .8 . THE MODERATED INDIUM RESUI/TS
Due to  th e  s e n s i t i v i t y  o f  th e  d e te c to r  and th e  h igh  photon beam 
c u r re n t  a v a i la b le ,  i t  was n ecessa ry  to  i r r a d i a t e  th e  sam ples f o r  on ly  
1 m inu te . T his was p a r t i c u la r ly  f o r tu i to u s ,  as  a la rg e  number o f  
in d iv id u a l  exposures were re q u ire d , because o f  th e  r e l a t i v e l y  s tro n g  
e f f e c t  on th e  n eu tro n  d i s t r ib u t io n  by th e  r a th e r  la rg e  p a r a f f in  wax 
m oderato r. P a r t ly  f o r  t h i s  re a so n  and a ls o  because o f  th e  i n t e r f e r ­
in g  s c a t te r in g  e f f e c t s  on subsequent d e te c to r s  i n  l in e  w ith  th e  ap p ar­
e n t so u rce , n e a r ly  a l l  th e  moderated, indium  f o i l  m easurements were 
o b ta in e d , u s in g  one m oderator fo r  each exposure a t  each p o s i t io n .
The r e s u l t s  a re  shown i n  Table 3*8.1#
Using th e  d a ta  p re se n ted  i n  T able 3 .8 .1 .  and assum ing th a t  th e  
o r ig in  o f  th e  n eu tro n s  was from an a re a  i n  th e  v i c i n i t y  o f  th e  .Xray 
t a r g e t ,  th e  n eu tro n  f lu x  d e n s i t ie s  were p lo t te d  a g a in s t  d is ta n c e  from 
th e  sou rce  in  a number o f  a p p ro p ria te  d i r e c t io n s .  The most im p o rtan t 
l in e  o f  measurements was i n  th e  main beam, d e s ig n a te d  a s  a s e r ie s  o f  
p o in ts  a lo n g  a d i r e c t io n  a t  0° from th e  t a r g e t  i n  th e  h o r iz o n ta l  p la n e . 
Of secondary  im portance were th e  measurements taken  a t  90° i n  th e  same 
p la n e , which were a lso  used as  base  l in e  d a ta  fo r  th e  m easurem ents 
o b ta in ed  a t  p o s i t io n s  i n  th e  v e r t i c a l  p la n e . With th e  p lo t s  o f  th e se  
measured v a lu e s , a number o f in te rp o la te d  p o in ts  were o b ta in ed  a t  
d is ta n c e s  where th e  apparen t n eu tro n  f lu x  d e n s ity  gave whole number 
v a lu e s . The r e s u l t s  from th e  th re e  main a n g le s  a re  shown i n  F ig . 
3*8.1 . The in te rp o la te d  p o in ts  fo r  th e  45° an g le  were c a lc u la te d  
from a c tu a l  measurements made a t  28°  and 90° •
By u s in g  th e  same method o f in te r p o la t io n  a long  a l l  th e  o th e r  
an g le s  a t  which th e  m oderated indium  f o i l s  were p o s it io n e d , th en
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3 0
26x
17 13 x
2 0  14x
1 m0L key  N b e a m  h e i g h t  w i t h o u t  p h a n t o m
Nx b e a m  h e i g h t  w i t h  p h a n t o m
No f lo or  l e ve l
N a 50cm a b o v e  f l o o r  l e ve l
^•9 3,7,1 „ General experimental measurement positions
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TABLE 3 .8 ,1 ,
THE MODERATED INDIUM. FOIL RESULTS
P o s it io n N eutron Flux D ensity
—2 -1n.cm . s
P o s i t io n N eutron F lux D ensity
-2  -1n.cm . s
1 589688 16 51737
2 253905 17 42951
3 351561 18 33189
4 253905 19 24013
5 x 54687 20 17180
6 I 85546 21 14056
7 898433 22 11714
8 1972648 23 6442
9 283201 24 234281
10 156249 25 130807
11 195311 26 X 351421
. 12 169921 27 97617
13X 40999 28 93712
14 X 14838 29 113236
15 X 898O 30 . 115188
31 55640
jo in in g  a l l  th e  p o in ts  g iv in g  th e  same v a lu e  o f  neu tro n  f lu x  d e n s ity ,  
i t  was p o s s ib le  to  p lo t  f lu x  d e n s ity  co n to u rs  i n  th e  h o r iz o n ta l  p lan e  
a t  beam h e ig h t ,  F ig , 3 ,8 .2 , ,  and i n  v e r t i c a l  p la n e , F ig . 3*8.3* 
(c o in c id in g  w ith th e  p lan e  o f th e  t a r g e t . )
I n  F ig . 3 .8 .1 .  i t  can be seen  th a t  th e  neu tro n  f lu x  d e n s ity  
d ec rease s  by an .a lm o st e x a c tly  “ 2 law fo r  d is ta n c e s  o f  up to  1 m from 
th e  t a r g e t .  T his c o n d itio n  changes a t  g r e a te r  d is ta n c e s ,  p ro b ab ly  
due to  neu tron  b a c k s c a t te r  from th e  w a lls  o f  th e  i n s t a l l a t i o n  room.
The neu tro n  b a c k s c a t te r  i s  p a r t i c u la r ly  n o tic e a b le  i n  th e  forw ard 
d i r e c t io n  o f  th e  main beam a t  0° to  th e  t a r g e t .  For r a d ia t io n  p ro ­
te c t io n  pu rposes, th e  b io lo g ic a l ,  s h ie ld  was in c re a se d  by a 30 cm 
th ic k  i r o n  p la te  a t  th e  p o in t where th e  main beam s tru c k  th e  w a ll ,  and 
w hile  t h i s  was e f f e c t iv e  i n  d e c rea s in g  th e  photon  i n t e n s i t y  to  an
- n.cm.s measured data ^
points o  90
interpolated
. 0  -45
116
Distance  from target
F ig . 3 .8 .1 .  The n eu tro n  f lu x  d e n s ity  v a r i a t io n  w ith  d is ta n c e  
from t a r g e t .
a cc e p ta b le  le v e l  o u ts id e  th e  i n s t a l l a t i o n ,  th e  e f f e c t  in s id e  th e  room 
was to  produce an ex cessiv e  amount o f  b a c k se a tte re d  n eu tro n s  a r i s in g  
from i n e l a s t i c  c o l l i s io n s  w ith  th e  h igh  d e n s ity  i r o n .
W ith in  th e  d is ta n c e s  from th e  t a r g e t ,  where th e  n eu tro n  b ack - 
s c a t t e r  i s  a t  a minimum, th a t  i s  up to  1 m, i t  i s  c le a r  from F ig . 
3 * 8 .2 ., th a t  a lthough  the  n eu tro n  i n t e n s i t y  i s  g r e a te r  i n  th e  forw ard 
d i r e c t io n  o f th e  main beam, as m ight be ex p ec ted , i t  i s  reduced  to  
on ly  approx im ate ly  6'0$ o u ts id e  th e  main beam, i n  a d i r e c t io n  sh ie ld e d  
by photon d e f in in g  diaphragm s. A s im ila r  re d u c tio n  o f  ap p ro x im a te ly
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FiQ3-8-4- Total neutron flux density from 1eV to 
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40$ i s  a ls o  ap p a ren t a t  90 to  th e  t a r g e t  i n  th e  v e r t i c a l  p la n e ,
F ig . 3 .8 .3 .
The most im p o rta n t measurement lo c a t io n  f o r  c o n s id e ra t io n  i s  a 
p o in t  100 cm. from th e  t a r g e t ,  which i s  where th e  p a t i e n t  i s  norm ally ' 
p o s it io n e d . In  th e  n ex t s e t  o f  measurements d e te c to r s  were u sed , "both 
w ith  and w ith o u t a  phantom i n  p la c e .  The phantom c o n s is te d  o f  a  1 cm. 
th ic k  p ersp ex  box, o f  o u ts id e  dim ensions 40 x 40 x 41 cm^, h o ld in g  
50 l i t r e s  o f  w a te r . Due to  th e  la rg e  s iz e  o f  th e  p a r a f f in  wax sp h e re , 
th e  d e te c to r s  were p laced  i n  f r o n t  o f ,  and b eh in d , th e  phantom, i n  
c o n ta c t  w ith  th e  p ersp ex  su rface?  th e  same d e te c to r  p o s i t io n s  b e in g  
used , even when th e  phantom was n o t i n  p la c e .  The n e u tro n  f lu x  den­
s i t y  a t  100 cm. was th e r e fo re  o b ta in ed  by in t e r p o la t io n .
A ll th e  r e s u l t s  p re se n te d  so f a r  i n  F ig .  3 .8 .1 . ,  F ig .  3 .8 .2 .  and 
F ig . 3 .8 . 3.5 were o b ta in e d  w ith o u t th e  phantom i n  p la c e ,  and i t  can 
be seen  th a t  th e  t o t a l  n eu tro n  f lu x  d e n s ity  a t  100 cm. i s  3 x 105 ncm 2s ^ 
f o r  a  16 MeV Xray beam o f  100 radm in a t  th e  same p o s i t io n .  Exclud­
in g  any c o n tr ib u tio n s  from therm al n e u tro n s , t h i s  r e p re s e n ts  a n eu tro n  
con tam in a tio n  o f  1 .8  x 105 ncm""*2rad ~ ^ .
The m oderated indium  d e te c to r s  p laced  j u s t  i n  f r o n t  o f  th e  100 cm. 
p o in t  gave id e n t i c a l  r e s u l t s ,  w ith  and w ith o u t th e  phantom . F ig .
3 . 8 . 4 . shows th e  n eu tro n  f lu x  d e n s i t i e s  a long  th e  w all a d ja c e n t to  th e  
' la b y r in th  e n tra n c e , w ith o u t th e  phantom i n  p la c e ,  and a s  m ight be 
expec ted , th e re  i s  a g rad u a l d e c rease  w ith  d is ta n c e .
The d a ta  from d e te c to r s  p laced  along  th e  tre a tm e n t room w all a d ja c ­
e n t to  th e  e n tra n c e , w ith  and w ith o u t th e  phantom i n  p o s i t io n ,  produced 
some unexpected  r e s u l t s .  The p o s i t io n s  o f  i n t e r e s t  a r e  17, 20 and 23, 
(w ith o u t phantom i n  p la c e ) ,  and 13x, 14x and 15x , (w ith  phantom i n  
p la c e ) .  The p o s i t io n s  a re  shown as A, B and C, F ig . 3 * 7 .1 .,  and th e  
n eu tro n  f lu x  d e n s i t ie s  a re  l i s t e d  i n  T ab le  3^8*1.
I t  can be seen th a t  w ith  th e  phantom i n  p la c e ,  th e  f lu x  d e n s ity  a t  
p o s i t io n  A d ec rease s  by 4*5$, and a t  p o s i t io n . B by 1 3 .6 $ . C onversely , 
a t  p o s i t io n  C, an in c re a s e  o f  39$ ta k e s  p la b e , which can  n o t e a s i ly  be 
ex p la in ed , b u t could  be due to  low energy s c a t t e r  and s tream in g  o f f  th e  
phantom. For example, d e te c to r s  a t  p o s i t io n  A, would be to o  c lo se  to  
th e  main neu tron  beam to  m easure any e f f e c t .  In  any c a s e , th e  sm all
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p e rcen tag e  d if f e re n c e  measured i s  w ell w ith in  th e  p e rcen tag e  e r ro r  
o f  th e  d e te c to r .  At p o s it io n ' B, th e  d e te c to r  i s  e f f e c t iv e ly  s h ie ld e d  
from n eu tro n s  em anating from th e  v i c i n i t y  o f  th e  phantom, hy th e  s t e e l  
drum and a n c i l l a r y  equipm ent o f  th e  a c c e le r a to r .  D e te c to rs  p laced  a t  
p o s i t i o n  C, however, would have a p a r t i a l  view  o f  th e  phantom, through 
th e  la r g e  opening i n  th e  c e n tre  o f  th e  drum.
Im m ediately  "behind th e  phantom, th e  m oderated indium  f o i l s  in d ic ­
a te d  much h ig h e r  n eu tro n  f lu x  d e n s i t ie s  th an  would he expected  i f  th e  
phantom was sim ply a c t in g  as  a n eu tro n  s h ie ld  to  n eu tro n s  o r ig in a t in g  
from th e  h rem sstrah lu n g  ta r g e t  a re a .
From Table 3 * 8 .1 .,  i t  can be seen  th a t  a t  p o s i t io n  3, i n  f r o n t  o f
th e  phantom lo c a t io n  i n  F ig . 3*7*1** th e  n eu tro n  f lu x  d e n s ity  was
—2 —1measured a s  3515^1 ncm s w ith o u t th e  phantom, and a t  p o s i t io n  26x 
w ith  th e  phantom i n  p o s i t io n ,  351421 ncm ws • Behind th e  phantom 
lo c a t io n  a t  p o s i t io n  12 w ith o u t th e  phantom i n  p o s i t io n ,  th e  d e te c to r
mm?
produced a f lu x  d e n s ity  o f  169921 ncm “s , which i s  a lm ost 30$  h ig h e r  
than  m ight be expected  from ap p ly in g  an in v e r s e  square  law . T h is i s  
no t too  s u rp r is in g  and can be ex p la in ed  by th e  s c a t te r in g  c o n tr ib u t io n  
from th e  f lo o r s ,  c e i l in g s ,  w a lls  e t c . ,  o f  th e  tre a tm e n t room, due to  
th e  h igh  n eu tro n  albedo*
With th e  phantom i n  p o s i t io n , 'a t  p o s it io n . 5x , th e  n eu tro n  f lu x  
, _2 —1
d e n s ity  was decreased  to  54687 ncm s • At t h i s  p o s i t io n ,  under th e se  
c o n d it io n s , th e  t o t a l  neu tron  f lu x  would com prise th e  sum o f  th re e  com­
ponents . . .  i )  n eu tro n s  from th e  b rem sstrah lu n g  ta r g e t  p a s s in g  th rough  
th e  phantom, i i )  n eu tro n  room s c a t te r in g ,  and i i i )  n eu tro n s  c re a te d  i n  
th e  phantom by (F ,n )  re a c t io n s  produced in  th e  w ater by th e  main Xray 
beam.
Component i )  can be v i r t u a l l y  e l im in a te d , as a p e rsp ex  box o f  w a te r ,
40 cm. th ic k ,  would produce an absorbed dose tra n sm iss io n  f a c to r  o f  
-7  ' '5 x 10 fo r  a  broad  beam o f  n eu tro n s  a t  1 MeV a t  normal in c id e n c e  on
• 46th e  f r o n t  fa c e  o f  th e  ta n k . (ICRP 2 1 ).
Assuming th a t  component i i )  would be i d e n t i c a l ,  w ith  and w ith o u t
A - . 9  —1th e  phantom i n  p o s i t io n ,  i t  i s  im p lied  t h a t  some 10 ncm s a t  po s­
i t i o n 1 5x a re  produced w ith in  th e  phantom m a te r ia l  by (F ,n )  r e a c t io n s .
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The ta r g e t  atoms would he m ainly oxygen and carbon . The ( f ,n )  
th re sh o ld  fo r  th e  ^^C(>;,n ) ^ C  r e a c t io n  i s  g iv en  hy BS, 4094 as  18.7  
MeV, so carbon would n o t be a  s e r io u s  co n ten d e r. The (F ,n )  th re sh o ld  
f o r  ^ 0 (  f , n ) ^ 0  r e a c t io n  i s  g iven  a s  15*6 MeV and would th e re fo re  
produce a  sm all n eu tro n  y ie ld  w ith  th e  a c c e le r a to r  o p e ra tin g  a t  a 
nominal 16 MeV.
In  P ig .  1 .1 .2 . ,  i t  can be seen  th a t  th e  (F ,n )  p roduction ; c ro ss  
s e c t io n  i s  sm all f o r  m a te r ia ls  o f  low atom ic m ass, such a s  oxygen, and 
i n  P ig .  1 .1 .5 *f 'fcks n eu tro n  y ie ld  f a c to r  would be a t  th e  minimum f o r  
a  low Z number o f  8 , th u s  p roducing  a  y ie ld  f o r  th e  w ate r phantom o f  
104 nmol"1!*’’1 .
A la r g e  number o f  th e se  n eu tro n s  would be s e l f  absorbed  i n  th e  
phantom and i t  would appear from th e  measurements a t  p o s i t io n s  3 and 
26x , i n  f r o n t  o f  th e  phantom lo c a t io n ,  th a t  v e ry  few a re  em itted  from 
th e  phantom f r o n t  f a c e .  This su g g ests  t h a t  th e  d i s t r i b u t i o n  o f  n eu tro n s  
produced i n  th e  phantom from ( ^ n )  r e a c t io n s  i s  forw ard peaked. One 
m ight ex p ec t th e  a n g u la r d i s t r ib u t io n  to  be app rox im ate ly  s p h e r ic a l ,  
b u t a g a in , th e  a n t ic ip a te d  p e rcen tag e  d if f e r e n c e ,  w ith  and w ith o u t th e  
phantom i n  p o s i t io n ,  i s  l e s s  th an  th e  e r r o r  o f  th e  d e te c to r ,  and th e r e  
were i n s u f f i c i e n t  d e te c to r s  p laced  a t  t h i s  lo c a t io n .
16 15To v e r i f y  th e  p ro d u c tio n  o f  n eu tro n s  from th e  0 ( y fn )  0 r e a c t io n ,  
th e  phantom was checked fo r  induced  a c t i v i t y  im m ediately  a f t e r  sw itch ­
in g  o f f  th e  a c c e le r a to r ,  fo llo w in g  a  h a lf -h o u r  o p e ra t io n  cy c le  a t  16 MeV. 
The end window g e ig e r  o f  th e  Mini M onitor was p laced  c lo s e  to  th e  w ate r 
su rfa c e  and a s ig n i f i c a n t  count r a t e  was o b ta in e d , decay ing  w ith  an 
a p p a ren t h a l f  l i f e  o f  2 m inu tes. T h is  co rresponds to  th e  p o s it ro n  
a n n ih i la t io n  gamma a c t i v i t y ,  which would be expected  from th e  r e a c t io n .
The w a te r  phantom can be co n sid e red  as  a s e r i e s  o f  sh ie ld e d  p la n e r  
d is c  n eu tro n  sou rces o f  in c re a s in g  r a d i i ,  and by ap p ly in g  th e  c a l c u l a t ­
io n  methods o u tl in e d  i n  Chapter 1 , i t  i s  p o s s ib le  to  e s tim a te  th e  n e u t­
ro n  f lu x  d e n s ity  em anating from th e  back fa c e  o f  th e  w a te r ta n k .
The geom etric c o n f ig u ra tio n  i s  shown i n  P ig .  3 . 8 . 5 . The th ic k n e s s  
o f  th e  w ater t a r g e t  s l i c e  i s  l im ite d  to  1 cm. and th e  edge e f f e c t s  o f ' 
th e  cone a re  ig n o re d . • A tte n u a tio n  to  n e u tro n s  o f  th e  p ersp ex  box i s
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TABLE 3 .8 ,2 .
-NEUTRON YIELD FROM WATER PHANTOM
Water
S lic e
Brem * 
T arg et 
to  S l ic e  
D is tan ce
Exposure
Dose
r Q2 WaterS h ie ld
Thick­
ness
0
No. cm R cm --2  -1^ncm':.s cm - 2-1ncm s
39 138 0 .875 22*0 219
(p ersp ex )
1 2.443 71*17
38 137 0.888 22 .0 222 2 2.23 51.06
37 136 0.901 22 .0 225 3 2.088 36 .0
36 135 0.914 22 .0 228 4 1*965 28.5
35 134 0.928 21 .7 232 5 I .844 11.48
34 133 0.942 21.5 235 6 1.747 7.87
33 132 0.956 21.3 239 7 1 .664 4 .9
32 131 0.971 21 .0 243 . 8 1 .59 3.159
31 130 O.986 21 .0 246 9 1*536 2.46
30 129 1 .0 20 .7 250 10 1*479 1*5
* N orm alised to  100 radminT^ a t  th e  i s o c e n tr e .
w o 
o c
100c
4 0 c m -
P ig . 3 .8 * 5 . The geom etric  c o n f ig u ra tio n  o f  th e  w ater phantom 
f o r  th e  ^ ^ 0 (F jn )^ 0  r e a c t io n .
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co n s id e red  to  be th e  same a s  f o r  water# U sing th e  e x p re ss io n  • • • • •
QPB
<p -  ...... .. [^ (^ t)  -  Et (iut sec 0)J ncm""2s~  ^ • • • • • •  Eq* 3*8*1*.
—2 —1T-There » The flupc d e n s ity  p e r  u n i t  a re a  (ncm s  )
0 « H a lf  th e  an g le  subtended by th e  d isc  a t  p o in t  o f
v i n t e r e s t  P 
B = B u ild  up f a c to r
E j(x )  a re  e x p o n e n tia l in t e g r a l s  o f  th e  f o r m  .
-r -B-j(x) ** I ■■■    dy • • • • • •  Eq* 3«0«2<
Where x  =  / i t  o r  / / t  sec 0 , th e  v a lu e s  o f  which a re  o b ta in e d  from 
th e  p u b lish e d  ta b le s#
In  t h i s  c a se , th e  b u ild  up f a c to r  B i s  ig n o re d , and // i s  o b ta in e d
4 6from ICRP 21 f o r  u n id i r e c t io n a l  broad  beams o f  1 MeV n e u tro n s  in c id e n t  
a t  v a r io u s  an g le s  to  th e  s labs*
The r e s u l t s  a re  shown i n  T ab le  3*8#2# I t  can be seen  th a t  th e
t o t a l  n eu tro n  y ie ld  a t  p o s i t io n  5^ , produced by th e  w ater phantom f o r
—2 —1th e  f i n a l  10 s ig n i f i c a n t  d is c s ,  i s  218 ncm s • T h is i s  c o n s id e ra b ly  
l e s s  th an  m ight be expected  from th e  indium  r e s u l t s  a t  t h i s  p o in t ,  b u t  
oan be ex p la in ed  by th e  ( ? ,n )  n eu tro n s  produced i n  th e  phantom c o n ta in e r  
and a s s o c ia te d  s ta n d , and th e  dosim etry  scan n in g  equipm ent which r e ­
mained i n  th e  beam d u rin g  th e  measurements w ith o u t th e  phantom#
The w ater phantom was p o s itio n e d  i n  and o u t o f  th e  p rim ary  beam, 
sim ply by pumping i n  and o u t 50 l i t r e s  o f  w ater# I t  would appear 
from th e se  r e s u l t s  t h a t  th e  t o t a l  p a t i e n t  dose from n e u tro n  contam in­
a t io n  must c o n ta in  a  sm all component a r i s in g  from (F ,n )  p ro d u c tio n  
i n  th e  p a t ie n t* s  body w ater volum e, and a  s ig n i f i c a n t ly  g r e a te r  compon­
e n t a r is in g "  from th e  p a t ie n t  su p p o rt system#
THE BARE; AND: CADMIUM COVERED INDIUM FOIB RESULTS
The measurement o f  th e  therm al n eu tro n  component was i n i t i a l l y  
p lanned  to  fo llo w  th e  same p a t te r n  o f  p o s i t io n s  as  th e  m oderated 
indium  f o i l  experim ent* However, a f t e r  a n a ly s in g  th e  f i r s t  s e t  o f  
r e s u l t s  from th e  th re e  most im p o rtan t l o c a l i t i e s ,  a t  p o s i t io n s  1 , 30 
and 31, Fig* 3 .7 .1 . ,  i t  was c le a r  t h a t  w h ile  th e  n eu tro n  f lu x  d e n s i t i e s  
were f a i r l y  h ig h , th e  r e s u l t s  i n  term s o f  DE were in s ig n i f i c a n t ,  th e
DE c o n v e r s i o n  f a c t o r  f o r  t h e  t h e r m a l  n e u t r o n s  "being r a t h e r  h ig h  a t
—2 -1  -1270 ncm s , to  g iv e  1 mremhr .
The therm al n eu tro n  f lu x  d e n s ity  i n  th e  main beam was j u s t  over 
1$ o f  th e  t o t a l  n e u tro n  f lu x  d e n s ity  above th e  cadmium c u t  o ff*
Table 3*9*1* and Fig* 3*9*1.
TABLE 3 .9*1 .
THE THERMAL NEUTRON RESULTS FROM THE BARE AND CADMIUM COVERED
INDIUM FOILS1
P o s i t i o n N e u tro n  F lu x
D e n s i t y
-2  -1n .cm  . s
D ose
E q u i v a l e n t
^ -*1 n u r e m s .h r
1 7284 27
30 I 843O 68
31 14369 53
Having o b ta in ed  t h i s  c le a r  ev idence o f  a  r e l a t i v e l y  low therm al 
n eu tro n  c o n tr ib u t io n ,  i t  was co n s id e red  u n n ecessary  to  make f u r th e r  
measurements in s id e  th e  room i n  t h i s  energy ran g e .
The DE f ig u re s  in d ic a te d  i n  th e  bend o f  th e  la b y r in th ,  shown i n  
Fig* 3 . 9 . I . ,  were o b ta in ed  w ith  ftV f i lm s ,  and w i l l  be d isc u s se d  i n  
C hapter 4*
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m rem h
u
SCALE 1 : 48
1 m
J
^•9 3.9.1.The DE from thermal neutrons , normalised 
to a 16 Mev Xray beam at 100 rad mih*^  at
100 S.S.D.
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3 .  1 0 . THE PHOSPHORUS RESULTS
The re d  phosphorus powder was weighed in to  samples o f  3»5 gm 
and th e n  p u t in to  sm all p l a s t i c  c o n ta in e rs  o f  dim ensions 1 .3  cm d ia .  
by 3 cm lo n g . A f te r  a p e rio d  o f  30 m inutes i r r a d i a t i o n ,  th e  a c t iv e  
powder was poured in to  a d ish  and counted i n  th e  manner d esc rib e d  i n  
S e c tio n  3*1* Due to  th e  r e l a t i v e ly  long h a l f - l i f e  o f  th e  r e a c t io n ,  
th e  measurements were l im ite d  to  th e  im m ediate a re a  around th e  head , 
and because  o f  th e  sm all p h y s ic a l dim ensions o f  th e  sam ples, i t  was 
n ec e ssa ry  to  measure th e  d is ta n c e  between sample and t a r g e t  p a r t ic u ­
l a r l y  a c c u ra te ly .  The r e s u l t s  a re  g iven  i n  Table 3*10 .I*
TABLE 3 . 1 0 , 1 .
THE PHOSPHORUS RESULTS
| P o s i t i o n
1
D is ta n c e
cm
A n g le  
d e g .
N e u tro n  F lu x  D e n s i ty
-2  -1  n.cm . s
1 5 6 0 44325
la 60 0 35409
3" 99 0 15111
3a 98 0 I I 472
5 142 * 0 5498
7 40 90 27680
7a* 36 ' 90 31124
7 ?4 60 90 11032
8 23 180 56722
* B e h in d  w a te r  p h an to m
11 m e a su re m e n ts -m a d e  o n  a  s e p a r a t e  m a c h in e  n o r m a l i s e d  t o  sam e beam  
c u r r e n t
A l l  t h e  r e s u l t s  w e re  o b t a i n e d  w i th  t h e  w a te r  p h an to m  i n  p o s i t i o n ,  
a n d  a l t h o u g h  t h e s e  m e a s u re m e n ts  w e re  t a k e n  o n  two d i f f e r e n t  m a c h in e s ,  
a l l  t h e  p h o to n  c o n d i t i o n s  w e re  i d e n t i c a l .
I n  o r d e r  to  c o m p are  t h e s e  n e u t r o n  f l u x  d e n s i t i e s  o f  e n e r g y  g r e a t e r  
t h a n  3 MeV, w i th  t h e  t o t a l  n e u t r o n  f l u x  d e n s i t i e s  m e a s u re d  w i th  t h e
8 6
m oderated indium f o i l s ,  i t  i s  f i r s t  n ecessa ry  to  o b ta in  a s e r ie s  o f  
in te r p o la te d  v a lu e s , assum ing an  in v e rse  sq u are  law f o r  each o f th e  
th re sh o ld  d e te c to r s .  U sing t h i s  method, i t  was p o s s ib le  to  o b ta in  
n eu tro n  energy d i s t r ib u t io n s  a t  lo c a t io n s  o f  i n t e r e s t ,  even where 
d e te c to r s  were n o t a c tu a l ly  p o s it io n e d .
The r e s u l t s  i n  th e  l a s t  column: o f  Table 3 .1 0 .1 . ,  a r e  p lo t te d  
a g a in s t  d is ta n c e  from th e  t a r g e t ,  a s  shown i n  F ig . 3 .1 0 .1 .
<l>
10
i r
-2 - 1  n.cm. s
1------- T i r
e>
© \
©
. \
*
90
\
\
Note
©
O = measured points 
o 
= interpolated points
3 P(n p)3 Si
j  :____ l
0 10 20 30 40 50 60 70 80 90 100 cm
D is ta n ce  from target
Fig-. 3 .1 0 .1 . The n eu tro n  f lu x  d e n s ity  v a r i a t io n  w ith  
d is ta n c e  from t a r g e t .
3 .1 1 . THE MUMINIUM DISC RESULTS
The 15 hour h a l f - l i f e  o f  th e  r e a c t io n ,  to g e th e r  w ith  th e  lim ited .
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tim e th e  gamma sp ec tro m ete r was a v a i la b le ,  re q u ire d  th a t  th e  d is c s  
re c e iv e d  th e  maximum p o s s ib le  i r r a d i a t i o n ,  i n  as s h o r t  a tim e as  
p o ss ib le *  Under normal c l i n i c a l  c o n d it io n s , th e  i r r a d i a t i o n  o f 
p a t i e n t s  r a r e ly  exceeds 5 m in u tes, so th e  a c c e le r a to r  was no t designed  
to  o p e ra te  c o n tin u o u sly , u n le ss  s p e c ia l  p re c a u tio n s  were adopted i n  
th e  c o o lin g  c i r c u i t .  About 30 m inu tes, w ith  th e  machine o p e ra tin g  
a t  a maximum o u tp u t o f  800 radm in \  appeared to  be th e  l im i t  o f  con­
tin u o u s  m achine-on tim e . A f u r th e r  e f f e c t  o f  r e l a t i v e l y  long  i r r a d ­
i a t i o n  p e r io d s , would be to  in c re a s e  th e  induced  a c t i v i t y  in  th e  head 
u n i t ,  to  u n accep tab le  l e v e l s .
d>
3
10
0 10 20 30 40 SO 60 70 80 90 100 cm
Distance  from target
P ig . 3«H*1* The n eu tro n  f lu x  d e n s ity  variation?, w ith  
d is ta n c e  from t a r g e t .
The number o f  n eu tro n s  above 7 MeT/  was expected to  be r a th e r  low’, 
th e r e fo re ,  i t  was n ecessa ry  to  p lac e  th e  d e te c to r s  a s  n ea r to  th e  
t a r g e t  as p o s s ib le .  A t o t a l  of. 7 d is c s  were a tta c h e d  to  a 3 mm dia,* 
perspex  rod  a t  i n t e r v a l s  a long  i t s  le n g th . T h is  assem bly was th en
- 2  - In.cm .s .  q
Note O = measured
\  points
\
\
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p laced  r i g h t  in s id e  th e  head between th e  diaphragm sj one sample 
b e in g  p o s it io n e d  on th e  f ro n t  fa c e  o f  th e  phantom. In  t h i s  manner, 
th e  sam ples were p laced  as c lo se  to  th e  t a r g e t  a s  was p r a c t i c a b le ,  i n  
th e  c e n tre  o f  th e  forw ard beam along  th e  0° ang led  a x is .
Some i n i t i a l  s h o r t  l iv e d  is o to p e s  were produced in  th e  aluminium 
which had ap p aren t h a l f - l i v e s  o f  th e  o rd e r o f  m inu tes, b u t once th e se  
had decayed, only  th e  sodium 24 a c t i v i t y  rem ained . Each sample was 
counted i n  th e  gamma sp ec tro m ete r fo r  a p e r io d  o f  15 m in u tes . The 
r e s u l t s  a re  shown i n  Table 3*11*1.
TABLE 3 .1 1 .1 .
THE ALUMINIUM DISC RESULTS
P o s it io n D istance
cm
Angle 
d eg.
N eutron Flux D ensity
-2  -1n.cm . s  ♦
in s id e  head 19 0 2909
i» ii 27 0 1190
ft m 32 0 925
ii n 37 0 793
ti it 42 0 661
ii it 47 0 529
it it 52 0 397
3 100 0 132
Again, i t  was n ecessa ry  to  p lo t  th e  n eu tro n  f lu x  d e n s ity  o b ta in ed  
from th e  sam ples, a g a in s t  d is ta n c e  from th e  t a r g e t ,  and in te r p o la te  
v a lu es  to  d is ta n c e s  o u ts id e  th e  head , u s in g  an in v e rse  square  law .
F ig . 3 .1 1 .1 .
3 .1 2 . THE NEUTRON SPECTRUM
The i n i t i a l  assum ption th a t  th e  bu lk  o f  th e  n eu tro n s  were b e in g  
produced i n  an a re a  c lo se  to  th e  t a r g e t ,  ap p ears  to  have been re a so n ­
a b le , In  a l l .  th e  a c t iv a t io n  r e s u l t s  above cadmium c u t - o f f ,  th e  n eu tro n  
f lu x  d e n s i t ie s  appeared  to  f i t  an approxim ate ir^verse sq u are  law
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c e n t r e d  o n  t h e  t a r g e t  a r e a .  T he t a r g e t  c o n s i s t e d  o f  a  d i s c  o f  
t u n g s t e n ,  8  mm d i a .  b y  6  mm t h i c k ,  s e t  i n  a  c o p p e r  e l e c t r o n  c o l l i m a t o r ,  
1 1  mm t h i c k ,  a n d  f o l lo w e d  h y  a  p h o to n  c o l l i m a t o r  o f  s t e e l ,  9  mm t h i c k .  
I m m e d ia te ly  f o l l o w i n g  t h i s  a s s e m b ly ,  w as t h e  t u n g s t e n  p r im a r y  c o l l i m ­
a t o r ,  1 0 . 4  cm i n  l e n g t h ,  an d  t h e n  a t  t h e  en d  o f  t h e  p r im a r y  c o l l i m a t o r  
came t h e  t u n g s t e n  f l a t t e n i n g  f i l t e r ,  p o s i t i o n e d  a t  o n ly  1 5  cm fro m  t h e  
t a r g e t .  The n e u t r o n s  m u st a r i s e  fro m  t h e  b r e m s s t r a h lu n g  p h o to n s  
p r o d u c e d  i n  t h e  t a r g e t  i n t e r a c t i n g  w i th  t h e  a d j a c e n t  t u n g s t e n ,  c o p p e r  
an d  s t e e l ;  t h a t  i s ( p , n )  r e a c t i o n s  i n  m a t e r i a l  o f  h ig h  a to m ic  m a s s .
T h e s e  p a r t i c u l a r  m e t a l s  h a v e  a to m ic  w e ig h ts  o f  b e tw e e n  55 an d  1 3 4 , 
a n d  i t  h a s  b e e n  show n, i n  C h a p te r  1 ,  t h a t  o v e r  t h i s  r e g i o n ,  t h e  { V ,n )  
t h r e s h o l d  i s  a ro u n d  9 MeV, an d  t h e  g i a n t  r e s o n a n c e  p e a k  i s  a t  a p p ro x ­
i m a t e l y  14 MeV. T h i s  r a n g e  o f  e n e rg y  o v e r  a  b r e m s s t r a h lu n g  s p e c tru m  
w i th  Em ax. o f  1 6  MeV, r e p r e s e n t s  some 1C$ o f  t h e  t o t a l  i n t e n s i t y  i n  t h e  
f o r w a r d  beam .
T he n e u t r o n  e n e rg y  s p e c tru m  a r i s i n g  fro m  F .n  g i a n t  r e s o n a n c e  
r e a c t i o n s  f o r  v a r i o u s  m a t e r i a l s ,  i s  show n i n  P i g .  3 * 1 2 .1 .
sfa.Au
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F i g .  3 . 1 2 .1 .  N e u tro n  e n e rg y  s p e c t r a  fro m  g i a n t
r e s o n a n c e  r e a c t i o n s  ( B a r b i e r ,  1 9 &9 )
A p a r t  from  t h e  h ig h  e n e rg y  t a i l ,  t h e  g e n e r a l  s p e c t r a l  s h a p e  i s
235v e r y  s i m i l a r  to  a  r e a c t o r  s p e c tru m  p ro d u c e d  b y  t h e  f i s s i o n  o f  U?
F i g .  3 *1 2 . 2 . I n  f a c t ,  i t  i s  common p r a c t i c e ,  when c a l c u l a t i n g  in d u c e d  
a c t i v i t y  l e v e l s  o r i g i n a t i n g  f r o m ( f ,n )  n e u t r o n s ,  t o  a ssu m e  a  s p e c t r a l
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F ig *  3 * 1 2 .2 .  N e u tro n  e n e rg y  s p e c tru m  fro m  t h e  f i s s i o n  
of  2 ^ u  ( B a r b i e r ,  19& 9 ) 7
235s h a p e ,  s i m i l a r  t o  t h a t  o f  t h e  f i s s i o n  o f  U* I t  i s  t h e r e f o r e  
assu m ed  t h a t  t h e  n e u t r o n  e n e rg y  s p e c tru m  fro m  t h e  p h o t o - n e u t r o n  p r o ­
d u c t i o n  i n  a n  S L 7 5 -2 0  L in e a r  A c c e l e r a t o r ,  o p e r a t i n g  i n  t h e  1 6  MeV 
m ode, w i l l  h a v e  t h e  sam e g e n e r a l  s h a p e ,  a s  t h e  f i s s i o n  s p e c t r u m  i n  
F ig *  3*12*2*
O n ly  a t  P o s i t i o n  1 ( 5 6  cm fro m  t h e  t a r g e t ) ,  h a s  t h e  t o t a l  n e u t r o n  
e n e rg y  r a n g e  b e e n  c o v e r e d  b y  a l l  t h e  a c t i v a t i o n  d e t e c t o r s ,  b u t  t h i s  
i s  s u f f i c i e n t  t o  o b t a i n  an  i n i t i a l - e n e r g y  d i s t r i b u t i o n  i n  t h e  m a in  
fo rw a r d  beam .
T he n e u t r o n  f l u x  d e n s i t y  r e s u l t s  fro m  t h e  f o u r  a c t i v a t i o n  d e t e c t o r s  
may b e  d e n o te d  i n  t h e  f o l l o w i n g  m an n er . . . . . . .
—2 —1 115 116& 1 ' = ncm s  fro m  t h e  m o d e ra te d  I n ( n f P ) I n  r e a c t i o n
> eV - 2 - 1
0  y  = ncm s  fro m  t h e  b a r e  a n d  cadm ium  c o v e r e d
< ‘ 115t  ( v  \ l l 6 rIn v n ,P  ) In  r e a c t io n
Q-. ,  „  = ncm 2 s  1  .f ro m  t h e  3 ^ P ( n ,p  ) 3^ S i r e a c t i o n>3MeV _2 _ ! 2? 2/,
0  . = ncm s  from  t h e  A l^ n ,#  ) Ttfa r e a c x i o n^ ! I'.- e v
The r e s u l t s  fro m  t h e s e  d e t e c t o r s  a t  P o s i t i o n  1 a r e  show n i n  
T a b le  3 . 1 2 . 1 .
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TABLE 3 .1 2 .1 .
THE ACTIVATION DETECTOR RESULTS AT 56 cm PROM THE TARGET
P o s it io n  1
t  0° )
D is tan ce
56cm.
^ le V ^>leV <&3MeV ^>7MeV
-2  -1  n.cm . s -2  -1  n.cm . s  . -2  -1n . cm . s . —2 -1  n.cm . s  •
^  * 7284 **820000 ***■:44325
****
3200
* from d e te c to r  r e s u l t  T ab le  3.9*1*
** in te rp o la te d  from Pig* 3*8.1 .
**# from d e te c to r  r e s u l t  T able 3*10*1*
**** in te rp o la te d  from P ig . 3*11*1*
Prom th e  r e s u l t s  i n  Table 3*12*1., a n eu tro n  energy s p e c t r a l  
d i s t r ib u t io n  may be c a lc u la te d  by u s in g  a  sim ple d e te c to r  d if f e re n c e  
p ro ced u re . In  t h i s  way, th e  n eu tro n  f lu x  d e n s i t ie s  in  fo u r  energy 
s l o t s ,  may be o b ta in e d .
1 )
^ \
< ie V
-2  -1= T h e rm a l ncm s
- 2 - 1 b e tw e e n  le V  an d2) ^ l e V ~ ®3HeV -■ nom 3
3) % M b Y *>7MeV = n c m -- . b e tw e e n  3MeV a n d
4) —2 —1= ncm s  b e tw e e n  7MeV a n d  l6MeV
T he a b s o l u t e  t o t a l  n e u t r o n  f l u x  d e n s i t y  may b e  e x p r e s s e d  a s  • • • • •
5) <PT = <^ieV +  ^ * > le T  ~  >3MeV^ +  ^ *>3MeV "  >7MeV^ + ^TM eV
• • • • • •  3 * 1 2 .1 .
T he n e u t r o n  f l u x  d e n s i t i e s  i t e m i s e d  fro m  l )  t o  4) 9  c a n  t h e n  b e  
e x p r e s s e d  a s  a  p e r c e n ta g e  o f  t h e  t o t a l  n e u t r o n  f l u x  d e n s i t y  i t e m  5 )*  
T a b le  3 * 1 2 .2 .
Prom  T a b le  3 * 1 2 .2 .  i t  i s  c l e a r  t h a t  a lm o s t  99% o f  t h e  n e u t r o n s  
h a v e  a n  e n e rg y  b e tw e e n  1 eV an d  7 MeV. A ssu m in g  t h e  f i s s i o n  s p e c t r a l  
s h a p e ,  t h e  maximum o r  p e a k  e n e rg y  w i l l  o c c u r  b e tw e e n  0*5 MeV a n d  
1 .5  MeV, an d  t h e  m ean e f f e c t i v e  e n e rg y  o b t a i n e d  b y  i n t e g r a t i n g  t h e
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TABLE 3 .1 2 .2 .
NEUTRON ENERGY DISTRIBUTION
E n e rg y leV le V  t o  3MeV 3MeV t o  7MeV 7MeV to  l 6 MeV leV  t o  l 6 MeV
- 2  : - 1  n .cm  -- . s 7284 775675 4 1 1 2 5 3 2 0 0 827284
$ 0 . 8 8 9 3 .7 6 4 .9 7 O. 3 8 1 0 0 . 0
a r e a  u n d e r  t h e  c u r v e ,  w i l l  l i e  b e tw e e n  0 .5  MeV an d  4  MeV, d e p e n d in g  
u p o n  t h e  s t e e p n e s s  o f  t h e  s lo p e  a b o v e  1 MeV.
A r e a s o n a b l y  a c c u r a t e  e n e rg y  i s  r e q u i r e d  i n  o r d e r  t o  c o n v e r t  t h e  
f l u x  d e n s i t y  t o  a  m e a n in g f u l  b i o l o g i c a l  d o s e  r a t e .  I n  t e r m s  o f  DE, 
t h e  f l u x  d e n s i t y  c o n v e r s i o n  f a c t o r  v a r i e s  w id e ly  o v e r  t h e  e n e rg y  
r a n g e  c o n s i d e r e d .  F o r  e x a m p le , t h e  recom m ended  c o n v e r s i o n  f a c t o r s ,  
o v e r  t h e  r a n g e  o f  0 .5  MeV to  5 MeV, a r e  show n i n  F i g .  3 .1 2 * 3 .  I t  c a n  
b e  s e e n  t h a t  a b o v e  2  MeV, t h e  c u r v e  f l a t t e n s  o u t  an d  f o r  a n  i n c r e a s e  
i n  e n e r g y  o f  2 -J t i m e s ,  t h e  f a c t o r  c h a n g e s  b y  a b o u t  o n l y  1 2 $ .  Con~ 
v e r s e l y ,  b e lo w  2 MeV, a  d e c r e a s e  i n  e n e r g y  o f  o n ly  7 5 $  t o  0 .5  MeV, 
c h a n g e s  t h e  f a c t o r  b y  4 6 $ .
I t  i s  t h e r e f o r e  i m p o r t a n t  t o  know i f  t h e  m ean e f f e c t i v e  e n e rg y  
o c c u r s  a b o v e  o r  b e lo w  2 MeV. T h i s  w o u ld , o f  c o u r s e ,  d e p e n d  u p o n  t h e  
num ber o f  h i g h e r  e n e r g y  n e u t r o n s  p r e s e n t .
'^ 12 - 
£V 4 j  
^11
£
£10  ■  o.
\  9-
* CM I
E 8o 
c
7-
  ___ 1  2________ 3________4 Mev 5
F i g .  3 * 1 2 *3« V a r i a t i o n  o f  f l u x  t o  DE c o n v e r s i o n  f a c t o r  
w i th  e n e rg y
1____ !
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s u rp r i s in g ,  as th e re  i s  v i r t u a l l y  no m oderating  m a te r ia l  i n  th e  machine 
head . A lso , as  would he ex pected , th e  number o f  n eu tro n s  above 7 MeV, 
a re  r e l a t i v e l y  few. From F ig . 3 .1 2 .1 . ,  i t  can be seen t h a t  th e  g e n e ra l 
tendency i s  toward a sh a rp e r  f a l l  o f f  o f  th e  h ig h e r  energy component, 
w ith  in c r e a s in g  d e n s ity  o f  m a te r ia l ,  and as  th e  neu tro n s a re  alm ost 
c e r ta in ly  b e in g  produced in  th e  tu n g s te n  m a te r ia l ,  an energy  s p e c t r a l  
shape, s im i la r  to  th e  go ld  spectrum , would be expected .
I t  was decided  to  ig n o re  th e  therm al n e u tro n  c o n tr ib u t io n  and sim ply  
tak e  th e  m oderated indium  and phosphorus r e s u l t s  as  an in d ic a t io n  o f  th e  
h ard n ess  o f  th e  n eu tro n  spectrum .
mod 115In (n .  K ) l l 6 In  ^ le V  „  ,  „— “ 11 ——-f-" '—~ " ■ • ss ' r . a* xl . . . . . • ' 3 *  • C- *
P ( n .p . ) Si »3MeV
Where R i s  th e  n e u tro n  spectrum  h ardness r a t i o .
A s e r i e s  o f  model s p e c tra  were c o n s tru c te d , having  th e  g e n e ra l shape
235o f th e  f i s s io n  spectrum  o f U, b u t w ith  d i f f e r in g  h igh  energy compon­
e n ts .  The upper energy c u t o f f  o f  each spectrum  was l im ite d  to
2 .5 ^ $Tnax., and th e  c u t o f f  p o in t was v a r ie d  i n  1 MeV s te p s .  In  t h i s
way, a number o f  s p e c t r a ,  v a ry in g  i n  degrees o f  hardness e i t h e r  s id e  o f  • 
th e  's ta n d a r d ' f i s s io n ,  were o b ta in e d . A f lu x  d e n s ity  h is to g ram  was
c o n s tru c te d  on each spectrum  a t  1 MeV in t e r v a l s .
From each h istog ram  th e  t o t a l  neu tro n  f lu x  was o b ta in ed  by
summing th e  f lu x e s  i n  each energy in te r v a l  from 0 .2  MeY to  Emax.
x  -  O  +  0 +  . . .  <j) « « « 3 *  1 2 ' .  3  •t o t  ave ave ave
.0.2-MMeV l-*2MeV n + lMeV=(Emax)
S im ila r ly ,  by com paring th e  sura o f  th e  n eu tro n  f lu x e s  i n  th e  energy  
in te r v a l s  above 3 MeV to  th e  t o t a l  f lu x ,  a spectrum  h ard n ess  r a t i o  may be 
c a lc u la te d  :
t ^ t o t
H  ---------------------------------------------------------------------  . . .  3 . 3 2 . 4 .
0  + 0  + » * » 0  ave ave ave
3-*4MeV 4-»,5MeV n + lMeV=(Emax)
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TABLE 3.12.3
THE HARDNESS RATIO AND MEAN EFFECTIVE ENERGIES OF A NUMBER- OF
MODEL SPECTRA.
Model N eutron
S p ec tra
E @ 2 .5?o <p(E) max max
MeV
Spectrum H ardness 
R a tio  
O >l eV
Mean E f fe c t iv e  
Energy
MeV
d>>3Mev
4 32.9 O.85
5 12.75 . . 1 .0
6 7.99 1 .1
7 ( f i s s ) 5-73 1 .2
8 4.19 1 .4
9 3.58 1 .5
In  o rd e r  to  co n v ert th e  t o t a l  f lu x  to  a B io lo g ic a l do se , each average  
f lu x  p e r  energy in te r v a l  i s  d iv id e d  "by a co rrespond ing  average  DE conver­
s io n  f a c to r  C(DE) fo r  th e  same energy i n t e r v a l .  A ll th e  r e s u l t i n g  
average DE*s p e r energy in te r v a l  a re  added to  g iv e  a t o t a l  DE s
^ £&vfe ^ave ^ave ^ave
DE -  0 .2 —IMeV 1—2MeV 2—3 n -f IMeV = (Emax)
t o t  C(DE) C(DE) c( de) c( d e)'a v e  v 'a v e  v 'a v e  v yave
0 .2 —IMeV 1— 2MeV 2—3MeV n + IMeV = (Emax)
. . . . . .  3*1^• 5 •
The mean e f f e c t iv e  DE co n v ersio n  f a c to r  i s  o b ta in ed  from :
C^DS^mean e f f .  = „  . . . . . .  3 . 12 . 6 .
DEt o t
By re fe re n c e  to  F ig . 3 .1 2 .3 . ,  C(DE) ^  w i l l  g iv e  th e  meanm ean e i x #
e f f e c t iv e  energy* H ardness r a t i o s  and mean e f f e c t iv e  e n e rg ie s  fo r  
6 model n e u tro n  s p e c tr a ,  a re  shown i n  Tahle 3*12*3.
The h a rd n ess  r a t i o  p lo t te d  a s  a fu n c tio n  o f  th e  mean e f f e c t iv e  
energy , i s  shown i n  Fig* 3*12*4*
CD >leV
ij. j.
1-5 MeV
Mean E f fe c tiv e  Energy
Fig* 3*12.4* The hardness r a t i o  p lo t te d  a g a in s t  mean e f f e c t iv e  
energy .
T he mean e f f e c t i v e  e n e rg y  o f  t h e  SL75—20 A c c e l e r a t o r  n e u t r o n  
s p e c t r u m , may "be d e d u c e d  b y  i n s p e c t i o n  o f  t h e  m o d e ra te d  in d iu m  an d  
p h o s p h o ru s  r e s u l t s ,  f ro m  F ig *  3 , 8 . 1 ,  and  F i g .  3 . 1 0 . 1 . ,  c o m p a r in g  t h e  
a v e r a g e  r a t i o s  o b t a i n e d  id . th  t h e  g ra p h  o f  F i g .  3*12*4* T he r a t i o s  
a r e  l i s t e d  i n  T a b le  3 * 1 2 .4 *
TABLE 3*12.4*
THE MODERATED INDIUM-PHOSPHORUS RATIO OBTAINED FROM THE S L 75-20
LINEAR ACCELERATOR
D i s ta n c e
cm-
A n g le
d e g s
m° d .  115 in(mt?, ) l l 6 In  
31P ( n .p . ) 31Si
R a t io MEE
MeV
60 0 7 .2  x i c p  
3.86  x 104
18.6 0*94
70 0 5 . 6, x 10- 
2 .8 4  x 104
19*7 0-935 .
80 0 4 .3  x 105 
2 .17  x 104
19.8 0.935
90 0 3.6  x 105 
1 .72  x 104
20.9 0*915
100 0 3 .0  x 105 
1 .39  z  104
21*58 0 .91
40 90 8 .4  x IQ5 
2 .52  X 104
33-3 0.855
50 90 6 .1  X  105 
1 .61  X 104
37-8 0.83
60 90 4 .9  x 105 
1.12  x 104
43-75 0 .82
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I t  can be seen  th a t  th e  average moderated indium -phosphorus r a t i o ,  
i n  th e  main forw ard beam, i s  20,12 w ith in  -  8$ . From F ig , 3 .1 2 ,4 . 
t h i s  r e p re s e n ts  a mean e f f e c t iv e  energy o f 0 .93  MeV. The average 
r a t i o  a t  90° i s  38.28  w ith in  -  15$ and t h i s  r e p re s e n ts  a mean e f f e c t iv e  
energy o f  0 .8 4  MeV.
3 .1 3 . THE NEUTRON DOSE TO THE PATIENT FROM THE DIRECT BEAM
U sing th e  n eu tro n  f lu x  d e n s ity  o b ta in ed  from th e  m oderated indium  
f o i l s  and th e  mean e f f e c t iv e  energy from th e  m oderated indium -phosphorus 
r e s u l t s ,  i t  i s  p o s s ib le  to  c a lc u la te  th e  n eu tro n  dose to  th e  p a t i e n t .
The n eu tro n  f lu x  d e n s ity  to  produce 1 rem and 1 ra d  i n  t i s s u e ,  i s  
shown i n  F ig .  3*13.1*
- 2n.cm
10
10 Rim cm surf'
910
8
10
710
2 322 -1 2
-2F ig . 3 * 1 3 The f lu x e s  p e r  cm to  produce 1 rad  and 1 rem
i n  t i s s u e ,  a t  th e  su rfa c e  o f  th e  body, and a t  th e  lo c a tio n ; 
o f  th e  maximum dose fo r  n eu tro n s  from therm al e n e rg ie s  to  
400 MeV. (B a rb ie r ,  1 9 ^ 9 )8
The p o in t  o f  i n t e r e s t  where th e  main forw ard beam i n t e r a c t s  w ith  
th e  p a t i e n t ’ s body, i s  a t  th e  is o c e n tr e  which i s  lo c a te d  a t  100 cm 
-from th e  t a r g e t .  From F ig . 3 .8 .1 . ,  th e  n eu tro n  f lu x  d e n s ity  o b ta in ed
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w ith  th e  m oderated indium  f o i l s ,  a t  100 cm from th e  t a r g e t ,  i s  
3#0 x 1( P ncm*~^s
In  Section'. 3 .1 2 .,  i t  was shown th a t  an average m oderated ind ium - 
phosphorus r a t i o  o f  20 i n  th e  main forw ard beam, produced an ap p aren t 
mean e f f e c t iv e  energy fo r  th e  assumed n eu tro n  energy spectrum  o f  0#93 MeV. 
A pplying t h i s  f ig u re  to  th e  Graph o f  3 .1 3 .1 . ,  fo u r  f lu x  to  dose conver­
s io n  f a c to r s  a re  o b ta in e d , w hich, when a p p lie d  to  th e  a c tu a l  f lu x  d e n s ity  
measured a t  th e  i s o c e n tr e ,  a llow s th e  dose r a t e  to  be c a lc u la te d .
T able 3*13 .1 .
TABLE 3 .1 3 .1 .
THE BOSE RATES- AT THE ISOCEUTRE
P lux to  Dose C onversion F a c to rs  
f o r  an MEE o f  1 MeV.
Dose R ate  a 
100 radm in
-1•remsec
t  th e  Iso cen l 
"*■ Main Photc
% c o n t.
;re f o r  a 
>n Beam.
, -1  rem nr
29.167 —2 1 rem max = 3-7  x 10 ncm
8 -2  1 ra d  max » 3*0 x 10 ncm
0.0081 O.486
0.001 0 . 0 6 3.6
7 -2  1 rem su r  = 4*2 x 10 ncm .00714 0.428 • 25 .7
8 -2  1 ra d  su r  = 4*0 x 10 ncm 0.00075 0.045 2 .7
Prom T able 3 * 1 3 .1 ., th e  maximum n eu tro n  DE r a t e  p e r  m inute f o r  a
—1
main photon beam o f  100 radm in , i s  g iven  a s  0.486  rem o r  0 . 486% n e u tro n
—1co n tam in a tio n . The maximum ra d  r a t e  i s  0 .06 radmin: o r  0.06% n eu tro n
co n tam in a tio n .
To a s s e s s  th e  p a t ie n t  whole body dose, a ty p ic a l  tre a tm e n t c o n s is t in g  
o f  12 f r a c t io n s ,  w ith  each f ra c tio n -  c o n s is t in g  o f  2 tre a tm e n t f i e ld s  and 
each f i e l d  su b je c te d  to  a t o t a l  dose o f  1 ,000 ra d s  i s  assum ed.
T h e re fo re , t o t a l  tre a tm e n t dose i s  24,000 ra d s  and n e u tro n  DE would 
be 116 rem s.
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CHAPTER 4
NEUTRON MEASUREMENTS IN THE LABYRINTH AND OUTSIDE THE BIOLOGICAL SHIELD:
4 .1 .  THE RADIOLOGICAL PROTECTION IMPLICATIONS TO HOSPITAL STAFF 
AND THE GENERAL PUBLIC
3 2
The F a c to r ie s  A cts Sealed  Sources r e g u la t io n s " re q u ir e  a  source o f  
io n is in g  r a d ia t io n  to  be a d eq u a te ly  sh ie ld e d  and t h i s  i s  g e n e ra lly  
d e fin ed  a s  a  containm ent i n  which th e  leakage  DE r a t e  does n o t exceed
0.75 mremhr*"^ measured over any one m inute. S t r i c t l y  sp eak in g , t h i s  
need ap p ly  o n ly  d u rin g  th e  m anufacture o f  th e  equipment w h ile  i t  i s  i n  
th e  f a c to ry .
Although th e  F a c to r ie s  A cts do no t app ly ' to  h o s p i ta l s ,  th e  p r in c ip le  
rem ains th e  same, and i t  i s  common p r a c t ic e  to  l im i t  th e  o p e ra to rs  to  
10 mrem p e r  week im  ra d io th e ra p y  u n i t s  housing  l in e a r  a c c e le r a to r s ,  
even though r a d io lo g i s t s  a re  norm ally  r a d i a t io n  c o n tro lle d  w orkers.
The le v e l  i s  s e t  w ell below th e  maximum p e rm is s ib le  weekly le v e l  
(assum ing even exposure over th e  y e a r)  to  a llo w  fo r  th e  r a d io lo g ic a l  
doses p o s s ib ly  accrued  i n  o th e r  th e rap y  te c h n iq u e s . A lso to  be con­
s id e re d  i s  th e  p o s s ib le  h azard  to  members o f  th e  p u b lic  who may be 
working i n  o r  v i s i t i n g  th e  e s ta b lish m e n t.
In  C hapter 1 i t  was shown th a t  under ty p ic a l  tre a tm e n t c o n d it io n s ,  
th e  DE em erging from a la b y r in th  in to  th e  o p e ra to r ’s c o n tro l  room 
would be i n  excess o f  11 mremhr \  and measurements tak en  i n  th e  
f a c to ry  and th e  f i r s t  two h o s p i ta l  i n s t a l l a t i o n s ,  v e r i f i e d  t h i s  h igh  
n eu tro n  DE r a t e .  The t o t a l  DE would a lso  in c lu d e  gamma ra y s  produced 
by n eu tro n  a b so rp tio n  and th e  normal gamma s c a t te r in g  a r i s i n g  from th e  
main tre a tm e n t beam. T h is  l a t t e r  gamma component i s  f a i r l y  e a s i ly  
d e a l t  w ith  i n  an L-shaped la b y r in th  because on ly  a few p e r  c e n t a t  
m ost, b u t ty p ic a l ly  1% o f  th e  in c id e n t  p h o to n s, w i l l  be r e f l e c t e d  from 
a c o n c re te  s u rfa c e , and re g a rd le s s  o f  th e  energy o f th e  in c id e n t  
ph o to n s, a l l  b u t a few o f  th e  r e f l e c te d  photons w il l  have an energy 
le s s  th an  0.51 MeV.
On th e  o th e r  hand, th e  p e rcen tag e  o f  an in c id e n t  beam o f  n eu tro n s  
r e f l e c t e d ,  i s  much g r e a te r ,  ty p ic a l ly  30$&, and th e  energy  o f  th e
n eu tro n  w i l l  d ec rease  g ra d u a lly  over numerous c o l l i s i o n s .  When th e  
n e u tro n s  f i n a l l y  reach  th e  therm al energy re g io n  th ey  w i l l  be cap­
tu re d  i n  th e  s h ie ld in g  m a te r ia l  and i n  th e  p ro c e ss  w i l l  r e le a s e  a 
gamma r a y .
From th e  fo re g o in g  i t  can be seen  th a t  w h ile  th e  Compton s c a t te r e d  
gamma ra y s  a r i s in g  from th e  main beam a re  q u ic k ly  a t te n u a te d  by th e  
f i r s t  90°  tu rn  o f  th e  l a b y r in th ,  th e  n eu tro n s  w i l l  tend  to  s tream  
a lo n g  th e  passage  way. Some o f  th e se  n e u tro n s  w il l  be slowed to  
therm al energy  and c ap tu re d , p ro d u c in g  a  so u rce  o f  gamma ra y s  e x te n d in g  
th e  whole le n g th  o f  th e  l a b y r in th ,  p o s s ib ly  re a c h in g  a maximum a t  th e  
second 90°  bend a t  th e  e x i t .
Knowing th a t  c o n s id e ra b le  numbers o f  n e u tro n s  were reach ing- th e  
o u ts id e  o f  ty p ic a l  m edical l i n e a r  a c c e le r a to r  i n s t a l l a t i o n s ,  i t  was 
im p e ra tiv e  to  im prove th e  s h ie ld in g  d esig n  to  in c o rp o ra te  f e a tu r e s  
which would d ea l w ith  t h i s  h a z a rd . B efore e f f e c t iv e  m easures cou ld  
be im plem ented, i t  was f i r s t  n ec e ssa ry  to  u n d erstan d  th e  r a d i a t io n  
p ro c e sse s  ta k in g  p la c e  i n  th e  la b y r in th .  The im p o rtan t f a c to r s  were 
th e  v a r i a t io n  i n  n eu tro n  f lu x  d e n s ity  w ith  le n g th  o f  passag e  way, th e  
v a r i a t io n  i n  th e  energy  d i s t r i b u t io n  w ith  le n g th  o f  p assag e  way, th e  
gamma dose r a t e  a lo n g  th e  la b y r in th  produced by n eu tro n  a b s o rp tio n  and 
th e  gamma dose r a t e  produced by s t r a ig h t  forw ard  gamma s c a t te r in g  from 
th e  main beam.
4 .2 .  CHOICE OF MEASURING: EQUIPMENT
The problem s o f  RF in te r f e r e n c e ,  photon d is c r im in a t io n  and p u lse d  
r a d ia t io n  e f f e c t s ,  o u t l in e d  i n  C hapter 3 , do n o t a r i s e  o u ts id e  th e  
b io lo g ic a l  s h ie ld .  By s im p ly  sw itch in g  on th e  RF c ir c u i ir ,  w ith o u t 
a c tu a l ly  a c c e le r a t in g  th e  e le c t r o n s ,  i t  was e v id e n t t h a t  RF e f f e c t s  
d id  n o t ex tend  in to  th e  la b y r in th .  The s c a t te r e d  ph o to n s from th e  
main beam and head leak ag e  a re  g r e a t ly  reduced  by th e  1 nr. th ic k  con­
c r e te  w a lls ,  th e  d is ta n c e  from th e  a p p a ren t sou rce  and o th e r  e f f e c t s ;  
and a lth o u g h  th e  n eu tro n s  a re  i n i t i a l l y  produced i n  s h o r t  b u r s t s  c lo s e  
to  th e  t a r g e t  a re a ,  by th e  tim e th e  p a r t i c l e s  reach  th e  o u ts id e  o f  th e  
b io lo g ic a l  s h ie ld ,  th e  m u ltip le  c o l l i s i o n  p ro c e ss  w i l l  have c o n s id e ra b ly  
smeared th e  p u lse s  in to  a v i r t u a l  con tinuous stream  o f  r a d i a t io n .
P ro v id in g  th a t  c e r t a in  p re c a u tio n s  a re  adopted and re a d in g s  c a re ­
f u l l y  in t e r p r e te d ,  normal h e a l th  p h y s ics  monitoring* equipm ent can he 
u sed .
The in s tru m e n ts  chosen w e re :-  .
a )  A T ac to reen  io n i s a t io n  chamber to  measure th e  Xrays and 
gamma ra y s
b) An NM1 n e u tro n  m o n ito r, m anufactured by N uclear E n te r p r is e s ,  
f o r  th e  measurement o f  th e  t o t a l  n eu tro n  DE
c) A Dennis and Loosemore p ro to n  r e c o i l  p ro p o r tio n a l  co u n te r 
f o r  th e  measurement o f  th e  f a s t  component
d) A boron l in e d  io n is a t io n  chamber, developed by  th e  Atomic 
Energy R esearch  E s tab lish m en t, f o r  th e  measurement o f  th e  
slow n eu tro n  c o n tr ib u t io n .
In  a d d i t io n  to  th e  e le c t r o n ic  in s tru m e n ts  m entioned above, a 
number o f  beta-gamma f ilm s  were u sed , n o t o n ly  to  a s s e s s  th e  b e ta — 
gamma r a d ia t io n ,  b u t a ls o  to  measure th e  slow n eu tro n  DE. T his i s  
made p o s s ib le  by s tu d y in g  th e  gamma b lack en in g  o f  th e  f ilm  under th e  
two s p e c ia l  cadmium and indium* m etal s t r i p s  p laced  i n  th e  f ilm  badge
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h o ld e r  f o r  t h i s  p u rp o se , as  suggested  by Heard and Jones i n  19^3. 
M oderated indium  f o i l s  and f a s t  n eu tro n  em ulsions were a ls o  used a lo n g  
th e  w a ll  a d ja c e n t to  th e  la b y r in th  e n tra n c e , a s  m entioned i n  C hapter 3 .
4 .3 .  THE NM1 NEUTRON MONITOR
T his in s tru m e n t i s  a p ro p o r tio n a l co u n te r  c o n s is t in g  o f  a  la rg e  
c y lin d e r  o f  m oderating m a te r ia l ,  8 i n .  i n  d iam ete r by 10 i n .  i n  le n g th .
A 1 i n .  d iam eter tu b e , f i l l e d  w ith  BF^ g a s , i s  p o s it io n e d  i n  The co re  
o f  th e  m oderato r. A f a s t  n eu tro n  im pinging on th e  m oderator w i l l  
undergo a se rie s -  o f  e l a s t i c  c o l l i s i o n s .  On re ac h in g  th e  therm al 
energy re g io n  and on e n te r in g  th e  BF^ g as , th e  r e s u l t i n g  slow  n eu tro n  
has a h igh  p r o b a b i l i ty  o f  b e in g  cap tu red  by th e  n u c le u s . When t h i s  
r e a c t io n  tak e s  p la c e ,  a  d en se ly  io n is in g  a lp h a  p a r t i c l e  i s  r e le a s e d  
back in to  th e  gas volume, c r e a t in g  an avalanche e f f e c t  and p roducing  
a  la rg e  e le c tro n ic  p u lse  a t  th e  e le c tro d e s .  Andersson and B rau n e ,(C h ap .3)
T h i s  p a r t i c u l a r  m o n i to r  h a s  a  s p e c i a l l y  s h a p e d  b o r a x  s c r e e n
1 0 2
in c o rp o ra te d  i n  th e  m oderator to  f l a t t e n  th e  energy resp o n se  to  slow 
n e u tro n s •
The o u tp u t o f  th e  co u n te r i s  connected to  a lo g a r ith m ic  r a t e  m eter
—I  —1c i r c u i t  which covers  5 decades o f  DE from 0*1 mremhr to  10 remlir J' .  
The c o r r e c t  rem dose measurement i s  m ain ta ined  w ith in  20^ over th e  
n eu tro n  energy range  o f  0*025 eV to  10 MeV. The energy resp o n se  o f  
th e  M l  n eu tro n  m onito r i s  shown i n  Pig* 4*3*1* Thompson and 
Lavender, 19^5*
1-4 
1-2 
£ 1-0 
o 0*8
q-o-g 
» 0-4 
K 0-2
MeV100-1 1-0
Pig* 4*3*1* The energy resp o n se  o f  th e  M l  n eu tro n  m onitor 
(Thompson and Lavender, 1965)85
Being a p u lse  d ev ic e , th e  M l  has c e r t a in  l im i ta t io n s  when used  i n
a r a d ia t io n  environm ent w ith  a p u lsed  component. The BF^ tube has a
dead tim e o f  2 /a sec and does n o t p re se n t a s e r io u s  problem  over th e  DE
range o f  th e  in s tru m e n t. However, th e  r a t e  m eter c i r c u i t ,  which co n - .
s i s t s  o f  a diode pump, i s  a ls o  a p u lse  d ev ice  and i t  was shown by 
2 §Coleman and Ryder m  1970* th a t  i n  a p u lsed  n eu tro n  f l u s  o f  1 msec, 
d u ra tio n , a t  a r e p e t i t i o n  r a t e  o f  53 Hz, th e  m eter w i l l  in d ic a te  a DE 
r a t e  o f  on ly  2,0% o f  th e  t ru e  dose r a t e ,  a t  r a t e s  g r e a te r  th a n  1 rem hr • 
In  f a c t ,  i t  was d isco v ered  th a t  in  a  p u lsed  r a d ia t io n  f i e l d ,  th e  m onito r 
m eter d is p la y  c i r c u i t  could n o t be used above DE r a t e s  o f  20 mremhr ^ 
w ith o u t having  to  make la rg e  count lo s s  c o r r e c t io n s .  F o r tu n a te ly ,  th e  
in s tru m e n t has a p u lse  o u tp u t so ck e t connected  d i r e c t ly  to  th e  d e te c to r ,  
pre-am p, th u s  av o id in g  th e  d iode pump c i r c u i t .  This f a c i l i t y  was a ls o  
v e ry  u s e fu l  i n  a llo w in g  th e  la b y r in th  measurement re a d in g s  to  be reco rd ed
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o u ts id e  th e  s a f e ty  in te r lo c k e d  a re a .  By u s in g  th e  m onito r i n  t h i s
manner, i t  was n ec e ssa ry  to  c a l ib r a t e  th e  d e te c to r  i n  term s o f  
—1 —2 —1cpm n cm s • T h is  was c a r r ie d  o u t w ith  a  1 Ci AmBe n eu tro n  sou rce
o f  known o u tp u t p la ce d  a t  v a r io u s  d is ta n c e s  from th e  d e te c to r .
+  - 1 - 2  -1A llow ing f o r  geom etric  e r r o r s ,  a f ig u re  o f  21 .7  -  0*3 cpm n cm s , 
was ob ta ined*
T h is  d ev ice  has a  v e ry  h igh  gamma r e j e c t i o n  r a t i o ,  showing no 
s ig n i f i c a n t  re sp o n se  to  e lec tro m ag n e tic  r a d ia t io n  i n  f i e l d s  up to  
200 R hr"1 .
4 .4 .  THE .PROTON RECOIL. COUNTER
31Dennis and Loosemore, i n  I9 6 0 , d e sc rib e d  a s p e c ia l  d e te c to r  work­
in g  i n  th e  p ro p o r tio n a l re g io n  c o n n e c ted ,to  an a m p lif ie r  and p u lse  
h e ig h t d is c r im in a to r .  The o u tp u t p u lse s  from th e  a m p lif ie r  a re  p u ls e  
shaped and fed  in to  a s c a le r .  The d e te c to r  i s  i n  th e  form o f  a 
methane and argon g a s - f i l l e d  c y l in d e r ,  f i t t e d  w ith  a th in  w ire  e l e c t ­
rode  a lo n g  i t s  c e n t r a l ■a x is .  The in s id e  o f  th e  chamber w a ll i s  l in e d  
w ith  a la y e r  o f  hydrogenous m a te r ia l ,  such a s  p o ly th en e , which a c ts  as  
a  r a d i a t o r .  A p ro p o rtio n  o f  th e  n eu tro n s  e n te r in g  th e  chamber w i l l  
undergo a c o l l i s i o n  w ith  th e  hydrogen n u c le i ,  p roducing  r e c o i l in g  
p ro to n s  which w i l l  e n te r  th e  gas volume, io n is e  th e  g a s , and c r e a te  
e l e c t r i c a l  p u lse s  a t  th e  e le c tro d e s .  The p ro to n  r e c o i l  e f f e c t  has an 
energy th re sh o ld  a t  app rox im ate ly  0 .1  MeV, and th e  energy  re sp o n se  i s  
shown i n  P ig . 3*1 .2 . F ig . 4 .4 .1 .  shows th e  chamber c o n s tru c t io n .
I t  was n ecessa ry  to  c a l ib r a t e  th e  in s tru m e n t i n  term s o f  
-1  -2  -1cpm n cm s , and t h i s  was c a r r ie d  o u t u s in g  th e  1 Ci AmBe n e u tro n  
so u rce , p laced  a t  d i f f e r e n t  d is ta n c e s  from th e .ch am b er. The d isc r im ­
in a to r  was s e t  to  g iv e  maximum n eu tro n  co u n tin g  e f f ic ie n c y  f o r  a min­
imum gamma cou n tin g  e f f ic ie n c y .  The n eu tro n  co u n tin g  e f f ic ie n c y  was
—1 —2 —1found to  be 1.25  cpm n cm s , and th e  coun t r a t e ,  due to  gamma r a y
—1r a d ia t io n ,  was l e s s  th an  1 .5  cps fo r  a dose r a t e  o f  2 .6  ra d h r  •
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4 .5 .  THE BORON LINED IONISATION CHAMBER
T h is  hand m onitor was o r ig in a l ly  designed  by AERE and i s  simplyr
an e le c tro m e te r  a m p lif ie r  o f  v e ry  h igh  in p u t  im pedence, to  which i s
2a tta c h e d  a  s p e c ia l  i o n i s a t io n  chamber. The chamber has a  t h i n  la y e r
o f  boron  d ep o s ited  on th e  in n e r  w a lls .  A therm al n e u tro n  e n te r in g
10 7th e  la y e r  o f  boron w i l l  be  cap tu re d  i n  th e  '*B(n,a) Li r e a c t io n ,  
l i b e r a t i n g  a  480 KeV gamma ra y  i n  94$ o f  th e  c ap tu re  e v e n ts .  A h ig h  
p ro p o r t io n  o f  th e  d i s in te g r a t io n  p ro d u c ts  w i l l  e n te r  th e  s e n s i t iv e  
volume o f  th e  chamber and io n is e  th e  g as , p roducing  an e l e c t r i c a l  
c u r re n t  a t  th e  o u tp u t.
S p e c ia l arrangem ent o f  th e  chamber p la te s  and th e  a s s o c ia te d  
e le c t r o n ic s ,  a llow  any background gamma r a d ia t io n  to  be r e j e c t e d .
Tho in s tru m en t i s  c a l ib r a te d  i n  a  known therm al n eu tro n  .f lu x  by th e  
m an u fac tu re r. A sm all r a d io a c t iv e  r e fe re n c e  source  i s  p la c e d  in s id e  
th e  in s tru m e n t c a s in g , i n  o rd e r  t h a t  p e r io d ic  checks can be  made o f  
th e  c a l ib r a t io n  f a c to r ,  w ith o u t hav ing  to  r e s o r t  to  a  th erm al e m itt in g  
f a c i l i t y .
T h is  p a r t i c u la r  m onitor had n o t been used f o r  a number o f  y e a rs  
and a lthough  i t  appeared to  be fu n c tio n in g  c o r r e c t ly ,  i t  was h ig h ly  
d e s ir a b le  to  check i t s  resp o n se  to  therm al n e u tro n s . I n  C hapter 3 ,
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S e c t io n  3«3#* th e  m oderated indium  f o i l  method was d e sc rib e d  a s  con­
s i s t i n g  o f  a  sphere  o f  p a r a f f in  wax, 7 i n .  i n  d iam ete r, w ith  a  h o le  , 
i n  i t s  c e n tre  to  accommodate th e  indium  f o i l s .  In  S e c tio n  th e
b a re  and cadmium covered indium  f o i l  d e te c to r  f o r  th e  measurement o f  
therm al n eu tro n s  was p re se n te d . By p la c in g  a  2 Ci PuBe n e u tro n  so u rce  
in s id e  th e  sp h e re , a  s u f f i c i e n t  therm al n eu tro n  f lu x  was c re a te d  a t  
and n ea r th e  s u rfa c e  o f  th e  m oderator f o r  t e s t  p u rp o ses .
B are and cadmium covered indium  f o i l s  were p laced  on th e  s u rfa c e  
o f  th e  sp h e re , a t  5 cm. and 10 cm. d is ta n c e s  from th e  s u r f a c e ,  and a 
rea so n a b ly  a c c u ra te  measurement o f  th e  therm al n eu tro n  f lu x  d e n s ity  
was o b ta in e d . By p la c in g  th e  m onitor i n  d i r e c t  contact- w ith  th e  
sp h e re , a  DE re a d in g  was in d ic a te d  on th e  m eter which corresponded  to  
w ith in  10$ o f  th e  indium  r e s u l t s  in te rp o la te d  to  a d is ta n c e  c o in c id in g  
w ith  th e  e f f e c t iv e  c e n tre  o f  th e  chamber.
While t h i s  was n o t an id e a l  c a l ib ra t io n *  th e  r e s u l t s  d id  a llo w  
some co n fid en ce  i n  t h a t  th e  in s tru m e n t was d e te c t in g  th erm al n e u tro n s , 
and t h a t  th e  re fe re n c e  source was, i n  f a c t ,  in d ic a t in g  th e  c o r r e c t  
c a l i b r a t io n  re sp o n se . The energy  resp o n se  o f  th e  chamber i s  s im i la r  
to  th e  t o t a l  c ro ss  s e c t io n  f o r  boron , shown i n  Chapter 3** KLg* 3»4*1«
4 .6 . THE GENERAL EXPERIMENTAL CONDITIONS IN AND: ADJACENT TO THE 
LABYRINTH
The g en e ra l experim en ta l p o s i t io n s  a re  shown i n  F ig .  4 « & .l. I n  
p r a c t ic e ,  th e  p ro to n  r e c o i l  c o u n te r and th e  boron l in e d  cham ber, were 
p laced  to g e th e r  on a h igh  wooden s to o l ,  so t h a t  th e  e f f e c t iv e  c e n tr e s  
o f  th e  r e s p e c t iv e  d e te c to r s  were approx im ate ly  1 m. from f lo o r  l e v e l .  
Measurements were tak en  a t  p o s i t io n s  - 1 ,  0 , 1 , 2 , 3* 4> 5 and 6 .
I t  was n ecessa ry  to  conduct th e  measurements w ith  th e  NM1 m onito r 
s e p a ra te ly ,  due to  th e  e f f e c t  o f  th e  la rg e  po ly th en e  m oderator on th e  
o th e r  d e te c to r s .  S im ila r ly ,  th e  gamma measurements were a ls o  made 
s e p a ra te ly ,  to  avoid  s c a t te r in g  and s h ie ld in g  e f f e c t s  t h a t  would be 
produced by th e  n eu tro n  m o n ito rs .
M oderated indium  f o i l s  and f a s t  n eu tro n  em ulsions were used  a t
1 0 6
( 18 )
( 20 )
- l a - l b
0 lmj
s c a le  1 : 48
F ig -4 « 6 « i. The g e n e ra l experim en ta l measurement p o s i t io n s  
in  and a d ja c e n t to  th e  la b y r in th
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p o s i t io n s  - 3 ,  -2  and -1# At p o s i t io n s  - l a ,  l b ,  Oa and l a ,  b e ta -  
gamma f i lm s  were used  f o r  th e  d e te c t io n  o f  X and gamma r a d ia t io n ,  and 
a ls o  f o r  th e  measurement o f  slow  n e u tro n s . F ilm s were a ls o  p laced  
a c ro ss  th e  la b y r in th ,  from lb  to  l a  a t  20 cm. i n t e r v a l s ,  to  a s se s s  
th e  la b y r in th  c ro ss  s e c t io n a l  d i s t r i b u t io n .
The b io lo g ic a l  s h ie ld  was co n sid e red  to  s t a r t  a t  th e  c ro s s  s e c t io n  
o f  th e  la b y r in th ,  marked B to  C i n  F ig . 4 * 6 .1 .,  and i n  g e n e ra l ,  th e  
e le c t r o n ic  in s tru m e n ts  were m ainly used beh ind  th e  s h ie ld ,  commencing 
from p o s i t io n  0 , which i s  25 cm. down th e  la b y r in th  from t h i s  p o in t .
A ll th e  p o s i t io n a l  p o in ts  marked ■with a n e g a tiv e  s ig n , were co n s id e red  
to  be i n  f r o n t  o f  th e  b io lo g ic a l  s h ie ld ,  where c h ie f ly  o n ly  p a s s iv e  
d e te c to r s  were u sed , b u t a t  th e  p o s i t io n  marked - 1 ,  a l l  th e  d e te c t io n  
system s were used i n  o rd e r  to  o b ta in  an in s tru m e n t change over r e f e r ­
ence p o in t .
As i n  th e  p rev io u s  experim en t, reco rd ed  i n  C hapter 3 , th e  f i e l d  
d e f in in g  diaphragm s were opened to  maximum a p e r tu re ,  and th e  head was 
d ire c te d  to  th e  w a ll a d ja c e n t to  th e  la b y r in th  e n tra n c e . The 
40 x 40 x 41 cm ^ w a te r phantom was i n  p o s i t io n  th roughou t th e  e x p e r i­
ment, w ith  th e  f r o n t  fa c e  o f  th e  tank  a t  100 cm. from th e  t a r g e t .
The main o b je c t  o f  th e  experim ent was to  make a s e r i e s  o f  m easure­
ments a t  th e  c o n d itio n s  a t  which th e  maximum n eu tro n  y ie ld  would be 
o b ta in e d , th a t  i s ,  a t  a photon energy  o f  16 MeV w ith  th e  f l a t t e n i n g  
f i l t e r  i n  p o s i t io n .  However, th e  tim e a l lo c a te d  fo r  th e  experim ent 
allow ed measurements to  be made w ith  an 8 MeV photon beam and a  20 MeV 
e le c tro n  beam, bo th  c o n d itio n s  o p e ra tin g  w ith  th e  r e s p e c t iv e  normal 
f l a t t e n in g  f i l t e r  and a p p ro p ria te  s c a t te r in g  f o i l .
A ll th e  measurements were c a r r ie d  ou t w ith  a main beam dose r a t e  
a t  th e  i s o c e n tr e  o f  450 radmin"*^, in d ic a te d  by th e  c a l ib r a te d  beam 
c u r re n t  m onitor and norm alised  to  an i s o c e n t r i c  dose r a t e  o f  
100 radm in " .
4.7* THE m il, HR0T0H RECOIL AND B0R0H LINED. CHAMBER RESULTS
U sing th e  th re e  main n eu tro n  m o n ito rs , th e  t o t a l  DE and i t s  n e u tro n  
energy d i s t r i b u t i o n  co rresp o n d in g  to  th e  slow , in te rm e d ia te  and f a s t
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n eu tro n  components were o b ta in e d , app ly in g  th e  fo llo w in g  sim ple t r e a t ­
ment to  th e  in s tru m e n t re ad in g s  • • • • . .
D E . = D E L , +  (DE: -  (D E  +  D E L , )  )  + BETtn  h i  . nra N p r  . h i  p r  . . . . . .
Eg. 4 .7 .1 *
The t o t a l  n eu tro n  DE
The DE re a d in g  on th e  horon l in e d  chamber 
The DE re a d in g  on, th e  M l  m onito r 
The re a d in g  on th e  p ro to n  r e c o i l  co u n te r
The DE r e g is te r e d  o n  th e  horon  l in e d  chamber can he co n s id e red  as  
a measurement o f  th e  slow n eu tro n  c o n tr ib u t io n ,  co v erin g  th e  energy  
range 0 .01  -  10 eV, P ig .  3 .4*1 . The DE c a lc u la te d  from th e  n eu tro n  
f lu x  d e n s ity  re a d in g  on th e  p ro to n  r e c o i l  m on ito r, can he  tak en  as  a 
measurement o f  f a s t  n eu tro n  component, w ith  an energy th re sh o ld  a t  
100 KeV and an upper l i m i t  o f  4 MeV, a sse sse d  from th e  s o f t  f i s s i o n  
spectrum , P ig . 3 .13*3.
<
The in te rm e d ia te  n eu tro n  ra n g e , from 10 eV to  100 KeV, i s  sim ply  
th e  re a d in g  on th e  M l  m on ito r, minus th e  sura o f  th e  re a d in g s  on th e
o th e r  two m o n ito rs . The r e s u l t s  w ith  th e  16 MeV photon beam i s  shown
i n  T able 4.7*1*
The V ic to reen  io n is a t io n  chamber was used  to  m easure th e  gamma 
and Xray r a d ia t io n  c o n tr ib u t io n , a f t e r  f i r s t  checking  t h a t  th e  chamber 
p o la r is in g  v o lta g e  was ad eq u a te , and th a t  th e  chamber was i n s e n s i t iv e  
to  n eu tro n  r a d ia t io n .
These r e s u l t s  a re  ex trem ely  i n t e r e s t i n g .  At p o s i t io n  —1 , th e  
f a s t  n eu tro n  c o n tr ib u tio n  i s  j u s t  over 5®% o f  th e  t o t a l  n e u tro n  DE,
b u t  t h i s  p e rcen tag e  drops to  j u s t  over 10fo a t  a  d is ta n c e  3 m. down th e
la b y r in th ,  and measurements tak en  around th e  second r i g h t  ang led  bend, 
in d ic a te  a v e ry  s o f t  neu tron  spectrum , w ith  v e ry  few n e u tro n s  above 
100 KeV p re s e n t .  An im p o rtan t f in d in g , as  i t  would appear t h a t  th e  
r e l a t i v e ly  high  n eu tro n  DE, produced by th e  SL75'~20 i n  th e  l a b y r in th ,  
c o n s is ts  m ainly o f  slow and in te rm e d ia te  energy  n e u tro n s , and would 
r e q u ire  an a b so rp tio n  p ro cess  r a th e r  than  a th ic k  m oderating  s h ie ld  to  
d im in ish  th e  l e v e l s .  The r e l a t i v e ly  h igh  gamma DE, p a r t i c u l a r l y  a t
Where DE, tn
DEnm
.and DEP r
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TABLE 4 .7 .1 .
THE NM1, PROTON RECOIL: COUNTER AND) BORON LINED CHAMBER RESULTS
• 1 6  MeV PHOTONS
P o s i t i o n Gamma Slow I n t e r m e d i a t e P a s t T o t a l
V. - !m .r e m .h r n e u t r o n s n e u t r o n s n e u t r o n s DE
u  - 1 m .r e m .h r u -1  m .r e m .h r , -1  m .r e m .h r u  -1m .r e m .h r
- 1 143 64 15 90 312
0 18.2 10 .9 ' 42.5 13.27 84.87
1 8 .0 6.67 6.93 3.59 25.24
2 4 .0 3 .0 2.94 1.56 11.5
3 2 .2 1 .1 2 .9 0.5 6 .7
4 1.6 1 . 0 2.27 0.37 5 .24
5 '1 .3 0 .9 0 .9 <  0 . 1 3 .1
6 0 .7 0 .3 0 .2 <■ 0 .1 1 .2
p o s i t io n s  5 a*id 6., a lso  su g g es ts  gamma ra y  p ro d u c tio n  from therm al 
n eu tro n  a b s o rp tio n  i n  th e  su rround ing  s h ie ld in g  m a te r ia l .
Although th e  n eu tro n  le v e ls  o u ts id e  th e  en tra n c e  to  th e  la b y r in th  
■were b a re ly  d e te c ta b le ,  i t  -was co n sid e red  o f  i n t e r e s t  to  r e p e a t  th e  
experim ents between p o s i t io n  -1  and p o s i t io n  3* fo r  8 MeV;. p h o to n s•
The r e s u l t s  a re  shown i n  Table 4 * 7 .2 .
I t  was m entioned i n  C hapter 1 and shown i n  P ig . 1 . 1 .2 . ,  t h a t  th e  
V,n c ro ss  s e c t io n  th re sh o ld  f o r  dense m a te r ia ls  o ccu rred  a t  around 7 MeV, 
and even a t  10 MeV, th e  neu tro n  y ie ld  would n o t be v e ry  h ig h . A f te r  
10 MeV, th e  c ro ss  s e c t io n  r i s e s  r a p id ly  to  th e  g ia n t  reso n an ce  re g io n , 
re a ch in g  a maximum a t  14 MeV.
Although some n eu tro n s  would be produced a t  8 MeV, th e y  would be 
m inim al, and th e r e fo re ,  u n lik e  th e  s i tu a t io n  w ith  a 16 MeV photon beam, 
would produce in s ig n i f i c a n t  l e v e l s  o f  absorbed gamma p h o to n s .
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TABLE 4 .7 .2 .
THE M l ,  PROTON RECOIL COUNTER AND BORON LINED CHAMBER RESULTS
8 MeV PHOTONS
P o s it io n Gamma Slow In te rm e d ia te F as t T o ta l
, -1  m.rem .hr n eu trons n eu tro n s n eu tro n s DE
v, - 1 m.rem .hr , -1  m.rem .hr , -1  m.rem .h r * -*1m .rem .hr
-1 53 .2 0.53 0.3 20.0 74.03
0 1.04 0.21 . 0.11 1.36
1 0.32 0.11 - 0.03 O.46
2 0.13 0.09 - 0.0136 0.23
3 0.09 0.02 - 0.009 0.12
* The M l  m onitor was re a d in g  a t  th e  Bottom end o f  th e  lo g a r ith m ic  
so a le  and a c c u ra te  assessm ent o f  th e  in te rm e d ia te  range  was no t 
p o s s ib le .
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The N a tio n a l Bureau o f  S tandards Handbook e n t i t l e d  ’S h ie ld in g  For
High Energy E le c tro n  A c c e le ra to r  I n s ta l l a t io n s *  recommends th a t  f o r
s h ie ld in g  c a lc u la t io n  p u rp o ses , th e  b re ra ss trah lu n g  gamma ra y s  can  be
co n sid e red  to  have an energy o f  3E • I n  t h i s  c a se , th e  8 MeV beammax
can be co n sid e red  a s  hav ing  an average energy o f  2.66 MeV, and th e  
16 MeV an average energy o f  5 .33  MeV.
The s c a t te re d  gamma ra y  dose r a t e  can be c a lc u la te d  by • • • • • •
Where Do
A
r i
r 2
t *and a
D *» B Cbs 6 . r « . . . . . .  Eq. 4 .7 * 2 .o L e d
r l  r l
=s Exposure r a t e  a t  1 cm. from so u rce  
*3 S urface  a re a  o f r e f l e c t i n g  s u rfa c e  (cm ) 
k D istance  from source to  r e f l e c t i n g  su rfa c e  (cm) 
ar D is tan ce  from r e f l e c t i n g  s u rfa c e  to  d e te c to r  (cm) 
a= Angle o f  in c id en ce  ( to  th e  norm al)
-  The r e f l e c t i o n  c o e f f ic ie n t
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T h is  l a s t  v a lu e , th e  r e f l e c t i o n  c o e f f ic ie n t  a ,  i s  a fu n c tio n  o f
0 - , 6 and 0 f o r  a p a r t i c u la r  energy, and i s  g iven  by . . . . . .s
CK(0 ) ..,,26 _1s 10 + C v . i  i» . #« . .  Juq#
1 + Cos 0 ^  sec 0g
.1Hhere C; and C a r e  f a c to r s  whose v a lu e  depend on th e  gamma energy ,
and can be o b ta in e d  from; p u b lish ed  d a ta
/  \  5 6and K( 0 ) = The K le in  N ish ina  p r o b a b i l i ty  f o r  energy  s c a t te r in gs
p e r  e le c tro n ,  a lso  o b ta in ed  from th e  p u b lish ed  d a ta
I t  can be seen  t h a t  th e  gamma s c a t te r in g  component i n  a  la b y r in th  
i s  c a lc u la b le ,  and th e  energy d if fe re n c e  can  be allow ed f o r  between 
8 MeV and 16 MeV main beams# Any evidence o f  s ig n i f i c a n t  gamma dose 
r a t e s  i n  excess o f  th e  c a lc u la te d  s c a t te re d  component, would g iv e  a 
c le a r  in d ic a t io n  o f  absorbed n eu tro n  gamma rays#  T h is e f f e c t  would 
be v i r t u a l l y  non e x i s te n t  i n  th e  8 MeV c o n d it io n , e s ta b l i s h in g  th e  
accu racy  o f  th e  ca lcv ila ted  sca tte red -com ponen t f o r  bo th  co n d itio n s#
The h ig h  gamma DE measured a t  th e  e x i t  end o f  th e  la b y r in th  w ith  a 
16 MeV beam, as  a lre a d y  m entioned, s tro n g ly  su g g ests  a  n eu tro n  ab so rp ­
t io n  p ro c e s s .
I t  was a ls o  co n s id e red  o f  i n t e r e s t  to  r e p e a t  th e  m easurem ents w ith  
a 20 MeV e le c tro n  beam, as  t h i s  was th e  h ig h e s t  a c c e le r a t in g  energy  
a v a ila b le #  A lthough th e  absorbed dose i n  th e  beam was no rm alised  to  
100 radm in , th e  same as  f o r  th e  8 MeV and 16 MeV m easurem ents, th e  
y ie ld  would be co n s id e ra b ly  l e s s .  The h ig h ly  i n e f f i c i e n t  e le c t r o n -  
photon conversion; p ro c e ss , no lo n g e r re q u ire d , a llow s a s u b s ta n t ia l  
r e d u c tio n  i n  th e  a c c e le r a t in g  c u r r e n t .  The beam f l a t t e n i n g  f i l t e r ,  
which would a c t  as  a n eu tro n  p ro d u c tio n  t a r g e t ,  c o n s is ts  o f  a . t h i n  
copper e le c tro n  s c a t te r in g  f o i l  i n  th e  e le c t r o n  mode o f  o p e ra t io n . 
T h e re fo re , n o t on ly  i s  th e  number o f  a c c e le r a t in g  e le c tro n s  g r e a t ly  
reduced , th e  t a r g e t  m a te r ia l  i n  th e  beam i s  a ls o  red u ced , and a lth o u g h  
th e  machine i s  o p e ra tin g  a t  maximum energy , th e  r a d ia t io n  e n te r in g  th e  
la b y r in th  i s  much low er than  th a t  fo r  th e  th e  8 MeV beam co n d itio n #  
N e v e r th e le ss , th e  r e s u l t s  in  T able 4»7#3# show a sm all b u t m easurab le  
f a s t  n eu tro n  y ie ld #
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TABLE- 4 .7 .3 .  •
The M l ,  PROTON RECOIL COUNTER AND BORON LINED CHAMBER RESULTS
20 MeV ELECTRONS
P o s it io n Gamma Slow In te rm e d ia te F a s t T o ta l
v, -*1 m.rem .h r n eu tro n s neu tro n s n eu tro n s DE
v, - 1m.rem .hr - 1m.rem .hr m.rem .h r - 1m.rera .h r
-1 10 0*75 7*32 4*43 22*5
0 0 .5 0*5 2 .7 0*55 4-25
1 O.38 0*38 0.71 0.16 1.63
• ; 2 0.15 0.23 0.015 0.13 0.525
3 0 .1 0.075 0.02 0.032 0.23
A ll th e  above ta b u la te d  r e s u l t s  were no rm alised  to  an i s o c e n t r i c  
dose r a t e  o f 100 radminT’'*'.
4 .8 .  THE MODERATED INDIUM FOIL. AND NUCLEAR EMULSION RESULTS
Of a l l  th e  experim ents o u tl in e d  i n  t h i s  t h e s i s ,  th e  m ost d i f f i c u l t  
a re a  in- and around th e  l in e a r  a c c e le r a to r  i n s t a l l a t i o n  i n  which to  
o b ta in  d a ta , was i n  th e  en tran ce  to  th e  la b y r in th  a t  th e  tre a tm e n t 
room end, p o s i t io n s  - 1 ,  -2  and - 3 ,  Fig-* 4 . 6 *1 *
The e le c tro n ic  in s tru m en ts  could  n o t be used  beyond p o s i t io n  - 1 ,  
due to  th e  h igh  s e n s i t i v i t y  o f  th e  m onito rs .to RF and p u ls e  e f fe c ts *
The a c t iv a t io n  d e te c to r  s e t ,  w ith  th e  e x c e p tio n  o f  th e -in d iu m  f o i l s ,  
could n o t be u sed , due to  th e  low n eu tro n  dose r a t e  s e n s i t i v i t y  o f  th e  
phosphorus and aluminium d e te c to rs*
F o r tu n a te ly , th e  neu tro n s above th e  cadmium c u t o f f  were e a s i ly  
d e te c te d  by th e  m oderated indium  method* However, i n  o rd e r  to  c o n v e rt 
th e  n eu tro n  f lu x  d e n s ity  o b ta in ed  in to  DE, i t  was n e c e ssa ry  to  have 
some knowledge o f  th e  neu tron  s p e c t r a l  shape, i n  p a r t i c u la r  th e  p ro~  
p o r tio n  o f  f a s t  n eu tro n s  p resen t*  At position*™ !, t h i s  in fo rm a tio n  
was o f  course  a v a i la b le  from th e  p ro to n  r e c o i l  c o u n te r , but-, i t  was
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c o n sid e red  d e s ir a b le ,  due to  th e  u n sh ie ld ed  s itu a tio n !  a t  t h i s  p o s i t io n ,  
to  v e r i f y  th e  r e s u l t  w ith  a p a s s iv e  d e te c to r .
The o n ly  d ev ice  r e a d i ly  a v a i la b le ,  w ith  s u f f i c i e n t  s e n s i t i v i t y  
and energy  d is c r im in a t io n ? p o s s ib i l i t i e s ,  was th e  f a s t  n eu tro n  f ilm  
badge, su p p lie d , c a l ib r a te d ,  re a d  o u t and in te r p r e te d  by th e  R adio­
lo g ic a l  P ro te c t io n  S e rv ic e .
3 4
T h is  d e te c to r ,  d e sc rib e d  b y  Gibson and Thomas, i n  1953? o p e ra te s  
on th e  p ro ton , r e c o i l  p r in c ip le .  A n eu tro n  im pinging  on th e  f ilm  
em ulsion , produces a p ro to n  r e c o i l  which in . 'tu r n  produces a d en se ly  
io n is in g  t r a c k ,  th e  le n g th  o f  which i s  p ro p o r tio n a l to  th e  energy  o f  
th e  n e u tro n . When developed, th e  f ilm  i s  in sp e c te d  by m icroscope and 
th e  t r a c k s  p e r  u n i t  a re  coun ted . S p e c ia l in s t r u c t io n s  were g iv en  to  
th e  R .P .S . to  count on ly  th e  tr a c k s  w ith  a le n g th  p ro p o r tio n a l to  a 
n eu tro n  energy o f  1 MeV and above.
I n  t h i s  way, i t  was p o s s ib le  to  o b ta in  a moderated indium  f o i l -  
n u c le a r  em ulsion r a t i o ,  s im ila r  to  th e  m oderated indium  f o i l —phosphorus 
r a t i o ,  o u tl in e d  i n  th e  p rev io u s  c h a p te r , g iv in g  an in d ic a t io n  o f  th e  
n eu tro n  spectrum  h a rd n e ss . The r e s u l t s  a re  shown i n  T ab le  4 * 8 .1 .
TABLE 4 .8 .1 .
THE MODERATED INDIUM FOIL AND NUCLEAR EMULSIOIL RESULTS
P o s it io n Mod. Indium F o i ls  
E^= leV to  4MeV
-2  -1  n.cm s
N uclear Em ulsions
E = IMeV to  4MeV m
-2  -1n.cm s
R a tio
>leV
ct>>lMeV
F a s t 
• N eutrons 
>lMeV
p
-3 9000 1045 8 .6 11 .6
-2 5000 370 13-5 7 .4
-1 3000 123 24*4 4 .1
, O _"j _ -j
U sing a DE co n v ersio n  f a c to r  o f  8 .3  ncm s to  g iv e  1 mremhr “ 
f o r  n eu tro n s  w ith  e n e rg ie s  between 1 and 4 MeV, th e  f a s t  n e u tro n  DE 
o b ta in ed  w ith  th e  n u c le a r  em ulsions a t  p o s i t io n  - 1 , i s  j u s t  over 
15 mremhr T his i s ' i n  good agreem ent w ith  th e  p ro to n  r e c o i l  co u n te r­
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r e s u l t  o f  90 mremhr \  c o n s id e rin g  th a t  th e  p ro to n  r e c o i l  th re sh o ld  
i s  a t  100 KeV and t h a t  th e  n eu tro n  spectrum  i s  p robab ly  r i s i n g  s te e p ly  
i n  th e  0*5 — 1*5 re g io n , in d ic a te d  hy th e  r i s i n g  h a rd n ess  r a t i o .
4 .9 .  THE BETA-GAMMA AND SLOW NEUTRON FILM BADGE RESULTS
F or th e  measurements in s id e  th e  tre a tm e n t room, th e  f ilm  "badge 
packs were p laced  on th e  -wall a t  "beam h e ig h t ,  and i r r a d i a t e d  f o r  2 
m in u tes, a t  a main beam is o c e n tr e  dose r a t e  o f  360 rad m in  "*".
In  th e  la b y r in th  m easurem ents, th e  f ilm s  were ag a in  p laced  on th e  
w a ll a t  beam, h e ig h t ,  and i r r a d i a t e d  fo r  30 m inutes a t  a  main beam i s o ­
c e n tre  dose r a t e  o f  800 radm in"’'*". In  a d d i t io n  to  th e  w all m easure­
m ents, a  b a tch  o f  beta-gamma f ilm s  were s tru n g  a c ro ss  th e  la b y r in th  a t  
20 cm. i n t e r v a l s  a t  p o s i t io n  l a  to  p o s i t io n  lb*. The r e s u l t s  a re  shown 
i n  T able 4*9 .1 .
TABLE 4 .9 .1 .
THE' BETA*GMMA AM) SLOH NEUTRON FILM BADGE RESULTS
P o s it io n x+p+y
u -1m.rem .hr
Slow N eutrons
u -1m.rera .h r
(18) 4416 -
( 20) 1000 -
-3 250 -
-1 130 50
- l a 62.5 32.5
- lb 87.5 30.0
Oa 52.5 22.5
A cross la b y r in th  from P o s it io n  l a  to
P o s it io n lb  i n  20 cm in t e r v a l s .
la 12.5 7.5
+20cm 7.5 6 .0
+40cm 7.5 6 .0
+60cm 7.5 6 .0
+80cm 5 .0 5 .0
A ll th e  r e s u l t s  a re  norm alised  to  a main "beam is o c e n tr e  dose r a t e  
o f  100 radm in
The f i lm  "badge r e s u l t s  a re  i n  good agreem ent w ith  th e  hand m onito r 
r e s u l t s ,  ta b u la te d  i n  Table 4• 77* 1 • Of p a r t i c u la r  i n t e r e s t ,  i s  th e
high  beta-gamma and slow n eu tro n  re a d in g s , c lo se  to  th e  w a ll s u r f a c e ,  
a t  p o s i t io n  la*  The r e l a t i v e ly  h igh  w all su rfa c e  beta-gamma d ose , 
can n o t  be f u l l y ' ex p la in ed  by c o n s id e rin g  a sim ple Compton s c a t te r in g  
p ro c e s s . The r e s u l t s  could  su g g est t h a t  a c o n s id e ra b le  p o r t io n  o f  
th e  therm al n eu tro n s  a re  b e in g  cap tu red  i n  th e  co n c re te  w a ll s u r fa c e ,  
r e s u l t i n g  i n  n eu tro n  c a p tu re  gamma ra y  em iss io n .
4.10* THE NEUTRON ENERGY DISTRIBUTION; AT THE LABYRINTH ENTRANCE
From th e  r e s u l t s  i t  i s  c le a r  th a t  th e  n eu tro n s  i n  th e  la b y r in th  
a re  b e in g  slowed down by re p e a te d  c o l l i s io n s  w ith  th e  su rro u n d in g  
c o n c re te  s h ie ld in g  m a te r ia l .  O rdinary  c o n c re te  can have a s  much as  
5% o f  i t s  mass i n  th e  form o f  w a te r , th e  hydrogen o f  which would change 
th e  n eu tro n  energy i n  c o l l i s io n s  by th e  l a r g e s t  amounts p o s s ib le ,  due 
to  th e  s im i la r i ty  i n  mass betw een th e  p ro to n  and the  n e u tro n .
To en su re  th a t  a n y .ra d io lo g ic a l  p re c a u tio n s  i n s t i t u t e d  a re  e f f i c ­
i e n t  and c o s t  e f f e c t iv e ,  i t  i s  e s s e n t ia l  t h a t  th e  approxim ate energy  
d i s t r i b u t i o n  o f  th e se  n eu tro n s  i s  known, p a r t i c u la r ly  a t  th e  b eg in n in g  
o f  th e  maze.
An id e a l  n eu tro n  energy spectrum  measurement would c o n s is t  o f  a s  
many d e te c to r s  as  p o s s ib le ,  w ith  each d e te c to r  hav ing  a  sm all b u t 
p re c is e  energy resp o n se  to  a s p e c i f ic  p a r t  o f  th e  spectrum . None o f  
th e  d e te c to r  resp o n ses  would o v e r la p .
Having a s c e r ta in e d  th e  f lu x  d e n s ity  i n  each energy i n t e r v a l  o r  
window, i t  would th en  be n ecessa ry  on ly  to  app ly  th e  a p p ro p r ia te  BE 
co n v ersio n  f a c to r  f o r  each window a t  th e  energy  concerned . (T ab le  1 .1 .6 . )
Adding to g e th e r  a l l  th e  in d iv id u a l  p a r t s  would g iv e  a t o t a l  f lu x  
d e n s ity  o r  a t o t a l  dose e q u iv a le n t.
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At th e  p o s i t io n  o f  i n t e r e s t  a t  th e  b eg in n in g  o f  th e  maze, p o s i t io n  
-1 ,  a l l  th e  in s tru m e n ts  th a t  could  he u sed , were used . The com plete 
s e t  o f  in s tru m e n ts  o b v io u sly  covered d i f f e r e n t  p a r t s  o f  th e  energy 
spectrum  and th e  re sp o n ses  o v erlap p ed . Some d e te c to r s  measured d i r ­
e c t ly  th e  n eu tro n  f lu x  d e n s ity ,  w h ile  o th e rs  were c a l ib r a te d  i n  DE.
By com paring a l l  th e  s e p a ra te  r e s u l t s  and c o n v e rtin g  th e  r e s u l t s  
m easured i n  DE to  f lu x  d e n s ity ,  by c o n s id e rin g  v a r io u s  s p e c t r a l  sh ap es , 
i t  i s  p o s s ib le  to  o b ta in  a g e n e ra l p ro b ab le  n eu tro n  spectrum .
I n  th e  case  o f  th e  MEL 75-20 m achine, th e  most f e a s ib le  s p e c t r a l  
shape was f i n a l l y  a s c e r ta in e d  by manoeuvring and a d ju s t in g  com binations 
o f  th e  measured d a ta  to  match a number o f  assumed s p e c tra  o r  p a r t i a l  
s p e c t r a l  sh ap es, u n t i l  a b e s t  f i t  was ach iev ed . That i s ,  a  n e u tro n  
spectrum  was o b ta in ed  which f i t t e d  th e  t o t a l  measured d a ta ,  h av in g  
co n s id e red  th e  in d iv id u a l  in s tru m e n t energy re sp o n se s .
I t  i s  w e ll known from experim en ta l r e s u l t s  th a t  when f a s t  n e u tro n s  
a re  slowed down by a m u ltip le  c o l l i s i o n  p ro c e s s , th e  r e s u l t i n g  n e u tro n  
f lu x  h as  an approxim ate g  dependence upon energy .
Taking th e  r e s u l t s  from th e  f a s t  n eu tro n  em ulsions a t  p o s i t io n  —1 ,
Table 4 * 8 .1 .,  th e  n eu tro n  f lu x  d e n s ity  above 1 MeV was g iv en  as 
- 2 —1123 ncm s , and i n  C hapter 3> i t  was shown th a t  th e  n eu tro n  spectrum  
in  th e  main beam d id  n o t extend s ig n i f i c a n t ly  beyond 4 MeV. T h e re fo re :
MeV * 4 MeV = 123 ncm s •
Prom Table 4*9*1*$ th e  slow n eu tro n  DE a t  p o s i t io n  -1  o b ta in ed
from th e  indium  s t r i p s  o f  th e  fiV f ilm  badge, i s  g iven  as  50  mremhr
which i s  i n  good agreem ent w ith  th e  boron l in e d  chamber r e s u l t  o f
64 mremhr g iven  i n  Table 4*7*1® Using an average DE c o n v e rs io n
—2 —1f a c to r  f o r  th e  energy range o f  0 .01 -  1 eV o f  250 ncm s to  g iv e  
1 mremhr"’1 , a  slow n eu tro n  f lu x  d e n s ity  o f  1 .25  x  10^ ncnf^s""1 , i s  
o b ta in e d . T h e re fo re : 0  q  ^  eV -> 1 eV ~
. As s ta te d  i n  S e c t io n  4 * 8 ., i n  o rd e r  to  co n v e rt th e  m oderated indium  
r e s u l t s  a t  p o s i t io n  -1  in to  DE, i t  i s  n e c e ssa ry  to  have a good know­
ledge  o f  th e  s p e c t r a l  .shape. The slow n e u tro n  f lu x  g iv en  by th e  
f ilm  and th e  f a s t  n eu tro n  f lu x  g iven  by th e  em ulsion , can be co n s id e re d
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as  th e  two extrem es o f  th e  r e q u ire d  spectrum* Assuming an approxim ate
i. dependence, th e  m oderated indium  r e s u l t  minus th e  n u c le a r  em ulsion
- 1 r e s u l t ,  can  he d i s t r ib u te d  betw een th e se  l i m i t s  acco rd in g  to  a ^  law
- 2  , o p e ra tin g  between 10 MeV to  4 MeV# (Remembering th a t  th e  m oderated
indium: d e te c to r  w i l l  n o t d e te c t  therm al n eu tro n s  because  o f  th e  cadmium
s h ie ld )  The r e s u l t  i s  shown i n  P ig . 4*10*1* Using t h i s  assumed
spectrum , th e  t o t a l  DE -  10 MeV can be c a lc u la te d  from • • • • • «
 ^ 10~6 ->10~2MeV • E " ^  MeV <t>(E)AE*
>10 MeV "---— ---------------------~  + *  ~  . +C(DE) ' in -2 .. Tr C(DE)AE'  ave^ p E -  10 MeV v 1
10"*° ~> 10 MeV
E = X0°MeV (E) E»  +  E -  4MeV 0 ( e ) a e "  '
fe = 10~^MeV ° ( ;DE) E e  = 10°MeV C( I)E)AE • -  Ec*# 4# 10.1.
1 -2Where AE = 10 MeV in te r v a l s
* * -1and AE = 10 MeV in te r v a ls
Solving- th e  e q u a tio n  g iv e s  a DE o f  57*46 mremhr \  which g iv e s  a
~2 —1 —1DE co n v ersio n  f a c to r  o f  52 .2  ncm "s , to  g iv e  1 mremhr , which from
_2Table 1 .1 .6 #  co rresponds to  an energy o f  5 x  10 MeV.
—6But th e  . r e s u l t s  g iven  i n  T able 4*7*1*, g iv e  a DE > 1 0  MeV o f  
—1105 mremhr « Comparing t h i s  DE to  th e  m oderated indium  r e s u l t ,
—2 —Iim p lie s  a DE conversion: f a c to r  o f  28.5  ncm s , which co rresp o n d s 
to  an MEE o f  ** 0 .1  MeV.
1 1 8
<ME)
ncm
,0
I 0 1 I 0 110
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P ig . 4elO«l* The m oderated indium , n u c le a r  em ulsion and p>Y f i l m
badge (slow  n eu tro n s) n eu tro n  f lu x  d e n s ity  r e s u l t s  a t  p o s i t io n  —1*
—2The n eu tro n s  betw een 10 •¥ 4 MeV a re  d i s t r ib u te d  ac co rd in g  to  an
1
approxim ate r; law .Hi
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From th e  r e s u l t s  i t  can he accep ted  th a t  th e  e le c t r o n ic  equipm ent 
a t  p o s itio n -  -1  was n o t a f fe c te d  by p u lsed  o r  EF e f f e c t s , p roducing  
r e s u l t s  s im i la r  to  th e  p a s s iv e  d e v ic e s , h u t th e  assum ption  o f  a  -  
spectrum? over th e  whole range  o f  e n e rg ie s , would appear n o t to  f i t  
th e  data*
The d if f e re n c e  betw een th e  in s tru m e n t and p a ss iv e  d e te c to r  r e s u l t s ,  
su g g es ts  t h a t  th e  — f a l l  o f f  w ith  energy does not. ta k e  p la c e  over th e  
medium to  f a s t  n eu tro n  energy re g io n , h u t p ro h ah ly  s t a r t s  to  o p e ra te  
helow 0 .1  MeV. T h is assum ption i s  horn  o u t by th e  p ro to n  r e c o i l -  
n u c le a r  em ulsion r a t i o ,  which a ls o  su g g ests  a peak i n  th e  energy  re g io n  
0 .5  to  2 MeV.
In c o rp o ra tin g  a l l  th e  e le c t r o n ic  and p a s s iv e  d e te c to r ;d a ta :  a t  
p o s i t io n  —1, th e  t o t a l  DE can he o b ta in ed  hy c o n s id e rin g  a s e r i e s  o f ' 
energy s lo t s  from a most p ro b ab le  s p e c t r a l  shape • • • • • »
DE s = DE ~ + DE i n  p i
10 MeV 10 -wJMeV 10 ♦10UMeV 10 ♦10~1MeV
D S  * p  +  D E  a  \  +  m  -R  /10 *►! 0 MeV 10 ♦10 MeV l O ^ l O T f e V
DE ,
10 ♦10":?MeV . .  Eq. 4*10.2,
The f lu x  d e n s ity  can he co n sid e red  as  fo llo w in g  a 1 law  over th e  
—2 —1energy range  10 -  10 MeV commencing from 10 <2>(E) i n  AE i n t e r v a l s
—2 —2o f  10 MeV. Below 10 th e  s p e c t r a l  shape ceases  to  m a tte r ,  a s  th e
DS co n v ersio n  f a c to r  approaches a maximum val\ae a t  5 2: 10*"^ MeV. A 
peak i s  assumed i n  th e  0*5 MeV to  2 MeV reg ion*
Combining a l l  th e  d a ta  d i s t r ib u te d  acco rd in g  to  t h i s  m ost p ro b ab le
energy d i s t r ib u t io n  h is to g ram , i l l u s t r a t e d  i n  F ig . 4«10 .2„ , th e
DE. ,  »~6 can be c a lc u la te d  fronn •>10 Mev
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F ig . 4*10*2. The most p ro b ab le  f lu x  d e n s ity -e n e rg y  d i s t r i b u t i o n  
a t  p o s i t io n  -1
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S o lv in g  E qua tion  4*10*3*, g iv e s  a t o t a l  D E^q-6  ^  o f  101.35
mremhr"*'*', which i f  d iv id ed  in to  th e  m oderated indium  f lu x  r e s u l t  o f
—2 *"*1 —2 "*1 3,000  ncm s , y ie ld s  a  DE co n v e rs io n  f a c to r  o f  29*6 ncm s to
g iv e  1 mremhr""'*'. T h is DE co n v e rs io n  f a c to r  co rresponds to  0*1 MeV,
and i s  id e n t i c a l  to  th e  f ig u re  o b ta in e d  when th e  rem c o u n te r  r e s u l t s ,
miifus th e  horon l in e d  eli&mber re a d in g , i s  d iv id ed  in to  th e  m oderated
indium  f o i l  r e s u l t .  T h e re fo re , th e  mean e f f e c t iv e  energy  o f  th e
n e u tro n  f lu x  d e n s ity  a t  p o s i t io n  -1  i s  a f a c to r  o f  10 down on th e
mean e f f e c t iv e  energy o f  th e  n eu tro n  spectrum  i n  th e  m ain beam.
4 . U.  THE NEUTRON ABSORPTION GAMMA RAYS: PRODUCED IN THE LABYRINTH
The fo reg o in g  r e s u l t s  show th a t  th e  b u lk  o f  n eu tro n s  i n  th e  la b y ­
r in th  were o f  in te rm e d ia te  and therm al e n e rg ie s , and t h i s  would im ply 
th a t  a  c o n s id e ra b le  amount o f  gamma ra y s  were b e in g  produced by th erm al 
n eu tro n  a b s o rp tio n . T his e f f e c t  i s  s tro n g ly  suggested, by th e  b e t a -  
gamma f ilm  badge r e s u l t s  i n  T able 4 .9*1* , where th e  dose r a t e  i s  shown 
to  in c re a s e  by 66%> n ea r th e  w a ll s u r fa c e ,  co n s id e ra b ly  more th an  would 
be expected  from a sim ple s c a t te r in g  p ro c e ss . A r e l a t i v e l y  la rg e  p ro ­
p o r tio n  o f  n eu tro n  produced gamma ra y s  i n  th e  la b y r in th  i s  a ls o  su g g ested  
by th e  r e s u l t s  i n  T ab les 4*7*1* and 4*7*2. Taking th e  gamma dose r a t e  
a t  p o s i t io n  —1 and comparing i t  to  th e  gamma dose rate.'dow n th e  la b y ­
r in t h ,  a t  p o s i t io n  3 , i t  can be seen  th a t  w ith  th e  16 MeV photon beam, 
th e  gamma dose r a t e  down th e  la b y r in th  i s  j u s t  over 1 *5$ , b u t w ith  th e  
8 MeV photon beam, where th e re  a re  v i r t u a l l y  no n eu tro n s  p re s e n t ,  th e  
gamma dose r a t e  i s  down to  0 . 17$, a la rg e  d if f e re n c e  which can n o t be 
ex p la in ed  by th e  p rim ary  beam energy d if f e r e n c e ,  as i t  w i l l  now be 
shown.
In  S e c tio n  4*7*, E quations 4*7*2. and 4*7*3*, were g iv en  th a t  would 
a llow  th e  s c a t te re d  gamma ra y  component down a la b y r in th  a r i s in g  from 
head le ak ag e , to  be c a lc u la te d .
The ex p ress io n  g iven  i n  E quation  4*7*3*, f o r  a  th e  r e f l e c t i o n  
c o e f f i c i e n t ,  i s  a fu n c tio n  o f  th e  an g les  a t  which th e  in c id e n t  and r e ­
f l e c t i v e  r a y s ,0p  Q ^ and make w ith  th e  p lan e  o f  th e  r e f l e c t i v e  
s u r fa c e .  The geom etric c o n f ig u ra tio n  a p p lic a b le  to  th e  s i t u a t i o n  
under c o n s id e ra tio n , i s  shown i n  F ig . 4 *11*1 *
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Pig# 4 * 1 1 The geom etric  c o n f ig u ra tio n  f o r  th e  c a lc u la t io n  
o f  th e  s c a t te re d  gamma ra y s  i n  th e  la b y r in th  from main 
beam head leakage
I t  was shown i n  C hapter 2, th a t  th e  head leakage from th e  SL75~20 
l in e a r  a c c e le r a to r ,  was n o t allow ed to  ezceed 0 #1% o f  th e  i n t e n s i t y  
a t  th e  iso c e n tre #  T h is was ach ieved  by s t r a t e g i c a l l y  p o s i t io n in g  
le a d  s h ie ld in g  w ith in  th e  head . F o rm alis in g  th e  a c c e le r a to r  c o n d it io n s  
to  100 radm in”^ a t  th e  i s o c e n tr e ,  produces a leakage  dose r a t e  o u ts id e  
th e  beam a t  th e  same d is ta n c e  (100  cm# from b rem sstrah lu n g  t a r g e t )  c f '
6 remhr ^# This a p p lie s  i n  th eo ry  to  bo th  th e  8 T-IeV and 16 MeV beam 
co n d itio n s#
Assuming th e  id e n t i c a l  geom etry, beam i n t e n s i t y  and head leak ag e  
v a lu e ,th e  only  p aram eters  o f  s ig n if ic a n c e  t h a t  must be co n sid e red  i n  
c a lc u la t in g  th e  s c a t te r e d  gamma component, w i l l  be th o se  t h a t  v a ry
1 2 4
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w ith  energy , n o tab ly  th e  v a lu e s  C, C and th e  K le in  N ish in a  p r o b a b i l i ty
f a c to r  IC( 0 ) i n  Equation: 4*7*3* s
66 1
U sing th e  Bureau o f  Standards* recommendations o f  «E as th ej  max
e f f e c t iv e  energy f o r  c a lc u la t in g  h igh  energy b rem sstrah lu n g  beam 
s h ie ld in g  re q u ire m e n ts , p roduces a mean energy  o f  5*33 MeV fo r  th e  
16 MeV mode o f  o p e ra tio n , and 2*66 MeV f o r  th e  8 MeV beam*
16'
The f a c to r  C i s  g iv en  i n  th e  B.S* 4094 Handbook as  0*008 f o r  bo th  
5*33 MeV and 2*66 MeV c o n d itio n s , so th e  energy d if f e re n c e  w i l l  not: 
a f f e c t  t h i s  fa c to r*  C?’ i s  g iv en  a s  0*141 f o r  5*33 MeV, and 0*102 
f o r  2*66 MeV* T h is  f a c to r  i s  th e re fo re  in c re a se d  by j u s t  over 33$ 
fo r  th e  in c re a s e  i n  energy*
Taking th e  most s ig n i f i c a n t  an g le  a p p lic a b le  as  110° f o r  0^9 th e
q / 1
K le in  M ishina p r o b a b i l i ty  v a lu e  fo r  5*33 MeV i s  0*017 x 10 " , and f o r  
2*66 MeV, th e  f ig u re  i s  O.O58 x 10 In  t h i s  c a se , th e  f a c to r  i s
c o n s id e ra b ly  low er f o r  th e  h ig h e r  energy co n d itio n *
L im itin g  th e  r e f l e c t i o n  c o e f f ic ie n t  a to  o n ly  th e  components which 
a re  energy dependent, red u ces  th e  e x p re ss io n  i n  E qu a tio n  4*7*3* to  •••*
a  oC C' K( 0 ) + C • «*..*- Eq. 4*11 *1 *s
S u b s t i tu t in g  th e  v a lu e s  p re v io u s ly  m entioned, th e  energy  dependent 
f a c to r  can be c a lc u la te d  • • • • • •
For 16 MeV = 0-141 x 0*.017 + 0.008 = 0.010397
and f o r  8 MeV = 0.102 x O.O58 + 0 .003 = 0*013916
I t  can be seen th a t  th e  energy dependent component f o r  th e  16- MeV
beam c a lc u la t io n  i s  25*28$ l e s s  th a n  f o r  th e  8 MeV beam.
The c a lc u la te d  v a lu e s  a long  th e  la b y r in th  f o r  bo th  th e  8 MeV and 
16 MeV modes o f  o p e ra tio n , a re  shown i n  F ig .  4*11*2., which demon­
s t r a t e s  t h a t  a 16 MeV beam produces l e s s  head leakage  s c a t te r e d  r a d ­
i a t i o n  th an  th e  8 MeV beam. (The B .S . 4094 H andbook^states t h a t  
u s in g  E quations 4*7*2. and 4*7*3*, w i l l  produce a  r e s u l t  t h a t  i s  70$ 
o f  experim en ta l measured d a ta .  The c a lc u la t io n s  have th e r e fo r e  been  
amendeded a c c o rd in g ly .)
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Pig* 4*H*2* The c a lc u la te d  DE down a la b y r in th  a r i s in g  
f*ora th e  main beam leak ag e  s c a t te r in g  around th e  f i r s t  SO0 
bend
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I n  p r a c t ic e ,  however, th e  head leakage  o f  0*1^ c r i t e r i a  i s  a rra n g e d
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f o r  th e  16 MeV beam cond ition*  ICRP. P u b l ic a t io n  4 , 1964? gave , th e
—2 2mass a b so rp tio n  c o e f f ic ie n t  f o r  lead  a s  4*2 x 10 cm gm f o r  b o th  2*66
MeV and 5*33 MeV* Tungsten w i l l  a lso  have an  i d e n t i c a l  a b s o rp t io n
c o e f f ic ie n t  f o r  b o th  e n e rg ie s , b u t th e re  i s  a c o n s id e ra b le  amount o f
iro n , and copper i n  th e  tre a tm e n t head , f o r  which th e  a b s o rp tio n  co—
—2e f f i c i e n t s  w i l l  be d if f e r e n t*  For i r o n  th e y  a re  g iv en  a s  3*7 x 10
2 -2  2 cm gm f o r  2*66 MeV and 3*0 x 10 cm gm f o r  5*33 MeV* For copper th e
—2 2 —2 2 f ig u re s  a re  3*7 x 10 cm gm and 3*1 x 10 cm gm re sp e c tiv e ly *
The o v e ra l l  e f f e c t  o f  red u c in g  th e  head leak ag e  to  O dfo  f o r  th e  
16 MeV beam, produces a l e s s e r  v a lu e  fo r  th e  s l i g h t l y  l e s s  p e n e t r a t in g  
.8 MeV beam, assuming a l l  o th e r  f a c to r s  a re  equal®
8 Mev
\
>0
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T h e re fo re , th e  amount o f  s c a t t e r  down a la b y r in th  would be expected  
to  be i d e n t i c a l  f o r  th e  8 MeV and 16 MeV c o n d it io n s .
The t o t a l  c a lc u la te d  gamma DE r a t e  i n  th e  la b y r in th  ( ig n o r in g  
n e u tro n  produced gamma ra y s )  w i l l ,  o f  c o u rse , a lso  in c lu d e  th e  pene­
t r a t i n g  gamma ra y s  coming d i r e c t ly  th rough  th e  la b y r in th  c o n c re te  
s h ie ld  w a ll .
To c a lc u la te  t h i s  i f  was f i r s t  n e ce ssa ry  to  c a r ry  o u t an e x te n s iv e  
s h ie ld in g  experim ent to  e v a lu a te  th e  a p p a ren t l i n e a r  a t t e n u a t io n  
c o e f f ic ie n t s  i n  o rd in a ry  c o n c re te , f o r  th e  8 MeV and 16 MeV photon 
beams, a t  9 0 °  to  th e  t a r g e t .  A number o f  c o n c re te  b lo c k s  o f  d e n s ity  
2.35 gcnf"^, each m easuring 28 cm x 28 cm x .14 cm', were a rran g ed  i n  a 
la rg e  b lo ck  p ro v id in g  th re e  g ap s , 5 cm. w ide, to  a llow  th e  i n s e r t i o n  
o f  a 33 cm” ^ a i r  io n i s a t io n  chamber w ith  a p p ro p r ia te  b u i ld  up cap .
One s id e  o f  th e  arrangem ent b u tte d  up to  a c o n c re te  p i l l a r ,  w h ile  th e  
back was p laced  d i r e c t ly  a g a in s t  th e  c o n c re te  w all o f  th e  s h e l t e r .
The to p , bottom  and rem ain ing  s id e  o f  th e  assem bly were covered  by 
28 cm. o f  o rd in a ry  c o n c re te , fo llow ed  by an o u te r  cover o f  5 cm. o f  
le a d ; th e  le a d  en su rin g  th a t  s c a t te r e d  r a d ia t io n  from th e  w a lls ,  f lo o r  
and c e i l i n g ,  d id  n o t e n te r  th e  experim en tal m easuring p o in t s .  The 
ex p erim en ta l la y o u t i s  ahown i n  P ig .  4*11*3* .
M easurements were tak en  midway between th e  ex p erim en ta l c o n c re te  
b lo ck  and th e  a c c e le r a to r  head , a s  w ell a s  j u s t  i n  f r o n t  o f  th e  b lo c k  
and i n  th e  th re e  g ap s . The main experim ent was c a r r ie d  o u t w ith  th e  
diaphragm s c lo se d , b u t a f t e r  th e  r e s u l t s  were o b ta in e d , th e  com plete 
experim ent was re p e a te d  w ith  th e  diaphragm s open (13 cm z  13 cm) and 
th e  main beam going  in to  th e  w ate r phantom, p laced  w ith  i t s  f r o n t  
su rfa c e  a t  100 SSD. Measurements a t  f ,  g , h and j ,  gave r e s u l t s  i n  
re a so n a b le  agreem ent w ith  p o in t  e ,  in d ic a t in g  a  f a i r l y  homogenous 
r a d ia t io n  f i e l d ,  and measurements along th e  T to  g d i r e c t io n ,  v e r i f i e d  
an in v e rs e  square  law f a l l - o f f  i n  i n t e n s i t y .  At p o in t  a ,  th e  m easured 
dose r a t e  was s l i g h t l y  h ig h e r  th an  would be expected from th e  in v e r s e  
square law c a lc u la t io n ,  due to  back s c a t te r  from th e  c o n c re te  b lo c k , 
and i t  i s  i n t e r e s t i n g  to  no te  t h a t  th e  back s c a t t e r  ap p ears  to  be 
g re a te r  f o r  th e  8 MeV c o n d itio n , ag a in  su g g es tin g  th e  h ig h e r  s c a t te r in g  
c o e f f ic ie n t  fo r  th e  low er energy .
127
oF ig , 4 .11#3. The head leak ag e  s h ie ld in g  ex p erim en ta l la y o u t
TABLE: 4 . 1I . I .
THE SHIELDING EXPERIMENT RESULTS
P o s it io n D istance
from
source
cm
Concrete
th ic k n e ss
cm
8 MeV 16 MeV
Dose r a t e  
mrad.min ^
u
-1cm
Dose r a t e  
m rad.m in ^
u
cm
a 110 0 114 - 96 -
h 127 14 27.8 0.075 32.6 0.051
c 147 28 7.5 0.074 10.3 O.056
d 167 42 1 .7 0.079 4-4 0.052
e 70 0 264 - 221 -
The io n is a t io n  chamber was c a l ib r a te d  w ith  a radium  so u rce , 
a llo w in g  th e  re a d in g s  to  be d i r e c t l y  converted  to  radm in **'• A ll th e  
measurements were no rm alised  to  100 radm in ^ a t  th e  i s o c e n tr e  i n  th e  
main beam d i r e c t io n  in d ic a te d  on th e  beam c u r re n t  m eter* The r e s u l t s  
a re  shown i n  Table 4*11
The average l i n e a r  a t te n u a t io n  c o e f f ic ie n t s  a re  0*076 cm ^ and 
0*053 em~^ f o r  th e  8 MeV and 16 MeV beams, re sp e c tiv e ly *
C a lc u la tio n s  o f  th e  dose e q u iv a le n t r a t e s  due to  p e n e tr a t in g  gamma 
ra y s  were made ' f o r  a l l  th e  p o in ts  p re v io u s ly  co n sid e red  i n  th e  s c a t t ­
e r in g  c a lc u la t io n ,  g iv e n  i n  Fig* 4*11*2*
I t  was, however, n ecessa ry  to  in c lu d e  a  f u r th e r  a t te n u a t io n  e f f e c t  
due to  th e  3 cm* th ic k  i r o n  drum, which, i n  t h i s  c a se , i s  s i tu a te d  
between th e  t a r g e t  and th e  la b y r in th *
The mass a b s o rp tio n  c o e f f ic ie n t s  fo r  i r o n ,  g iven  on Page 126, were 
used f o r  th e  com putations.
Having c a lc u la te d  th e  p e n e tra t in g  gamma component, each r e s u l t  
was added to  th e  a p p ro p ria te  s c a t te r e d  gamma r e s u l t ,  to  g iv e  a t o t a l  
gamma c a lc u la te d  DE i n  th e  la b y r in th *
The r e s u l t s ,  to g e th e r  w ith  th e  measured DE r a t e s ,  i n i t i a l l y  shown 
i n  T ab les  4*7*1* and 4*7*2., a re  g iven  i n  F ig .  4*11*4*
I t  can be seen , t h a t  fo r  th e  8 MeV c o n d it io n , th e  c a lc u la te d  DE 
r a t e  down th e  la b y r in th  i s  v e ry  app rox im ate ly  double th e  v a lu e  a c t ­
u a l ly  m easured. The 16 MeV r e s u l t s  a re  q u i te  th e  r e v e r s e ,  th e  a c tu a l  
measured DE r a t e  b e in g  between 4*7 to  10 tim es g r e a te r  th a n  th e  c a l ­
c u la te d  v a lu e .
T h is im p lie s  t h a t ,  n o t on ly  i s  th e re  a c o n s id e ra b le  p e rce n ta g e  
o f  n eu tro n  .ab so rp tio n  gamma ra y s  p re s e n t ,  b u t  t h a t  t h i s  p a r t i c u l a r  
type o f  r a d ia t io n  a c tu a l ly  forms th e  bu lk  o f  th e  t o t a l  gamma DE.
\  16 Mev measured
16 Mev calculated
"e8 Mev  ^
measured
8 Mev
 ^ calculated
2 3 4 5 6 7 8 m
F ig , 4*11 *4* The t o t a l  gamma DE a lo n g  a la b y r in th  from
c a lc u la te d  and measured d a ta
4 .1 2 . THE BOPiOI'I LOADED POLYTHENE HALL TILS EXPERIMENT
J u s t  a f t e r  th e  f i r s t  SL75*"20 M edical L in ea r A c c e le ra to rs  were 
i n s t a l l e d  i n  1974* i t  became e v id en t t h a t  th e  n eu tro n s  produced i n  th e  
16 MeV photon mode, p re se n ted  a r a d io lo g ic a l  hazard  to  th e  m edical 
s t a f f  o p e ra tin g  th e  m achine. S ev era l h o s p i ta l s  p u rch asin g  t h i s  mach­
in e ,  somewhat s u rp r is in g ly ,  d id  no t f u l l y  fo re s e e  th e  problem , and 
consequen tly  b u i l t  th e  tre a tm e n t room, la b y r in th  and c o n tro l  room, on 
t r a d i t i o n a l  p a t te r n s ,  A common la b y r in th  d es ig n  in c o rp o ra te d  o n ly  
one i n i t i a l  r ig h t  ang led  bend a t  th e  tre a tm e n t room end, fo llo w ed  by 
approx im ate ly  4 m eters o f  open ended s t r a ig h t  s e c t io n .
The normal tre a tm e n t beam dose r a t e  was o f  th e  o rd e r  o f 
400 radm in ^ and a ty p ic a l  n eu tro n  DE near th e  la b y r in th  en tran ce  
was found to  be betw een 30 and 40 mremhr , accompanied by 15 to  20 
mremhr"*'*' o f  gamma ra d ia tio n *  Bocal r a d io lo g ic a l  p r o te c t io n  r e q u ire ­
ments d i f f e r e d  w id e ly , b u t i t  was common f o r  h o s p i ta l  a u th o r i t i e s  to
-1
i n s i s t  on a maximum t o t a l  DE r a t e  o f  1 mremhr i n  occupied  a re a s ,  
r e g a rd le s s  o f  th e  machine du ty  cycle*
A th ic k  p a r a f f in  wax door p laced  a t  th e  e n tra n c e , appeared to  be 
th e  most po p u la r s o lu t io n  chosen by th e  h o s p i ta l s  concerned* The
n eu tro n  HI/’T i n  p a r a f f in  wax f o r  PoBe n eu tro n s  o f  6 .6  cm*, g iv en  by
4 9AEC.‘, 1953, was u s u a lly  used i n  d e c id in g  th e  wax th ic k n e s s .  T h is 
produced doors 30 cm* th ic k  i n  th o se  i n s t a l l a t i o n s  w ith  p a r t i c u la r ly  
s h o r t  la b y r in th s .  S ev era l cm. o f  i r o n ,  to  s h ie ld  a g a in s t  th e  gamma 
r a d ia t io n ,  were a ls o  re q u ire d  and t h i s  formed a c o n ta in e r  f o r  th e  p a r ­
a f f i n  wax. The r e s u l t i n g  door weighed s e v e ra l  to n s  and re q u ire d  
m achinery to  o p e ra te  i t .  A f u r th e r  co m p lica tio n  a ro se  i n  c e r ta in  
h o s p i ta l s ,  where lo c a l  r e g u la t io n s  re q u ire d  th a t  th e  door be opened 
e a s i ly  by th e  p a t i e n t  from th e  in s id e ,  in  an emergency. The t o t a l  
c o s t  o f  th e  door, a s so c ia te d  m achinery and s a f e ty  s to p s ,  was c o n s id e r­
a b le , av erag in g  i n  excess o f  £5>000 p e r i n s t a l l a t io n *  The in co n v en - 
i e n c e t o  th e  ra d io th e ra p y  s t a f f  i n  hav ing  to  o p e ra te  th e  door, th e  
ad v erse  p sy ch o lo g ica l a f f e c t  on th e  p a t ie n t  i n  b e in g  shut; i n  by such a 
m assive d ev ice  and th e  f i r e  hazard  o f  th e  p a r a f f in  wax, proved to  be 
a d d i t io n a l  problems a r i s in g  from t h i s  p a r t i c u la r  method o f  red u c in g  
th e  n eu tro n  h aza rd .
I t  was c le a r  from th e  measurements th a t  th e  m a jo r ity  o f  n eu tro n s  
i n  th e  la b y r in th  were o f  v e ry  low energy, th e r e fo r e ,  th e  HVT would be 
c o n s id e rab ly  le s s  th an  th e  HVT fo r  PoBe n e u tro n s . F u r th e r ,  i t  was 
a lso  e s ta b lis h e d  th a t  a la rg e  p ercen tag e  o f  therm al n eu tro n s  were 
undergoing  an a b so rp tio n  p ro c e ss , which would su g g est t h a t  a r e l a t ­
iv e ly  sm all amount o f  hydrogenous m oderator, to g e th e r  w ith  a  s u i ta b le  
a b so rp tio n  medium, m ight be a more e f f i c i e n t  method o f  red u c in g  th e  
neu tro n  DE. T his m a te r ia l cou ld  be in c o rp o ra te d  in  a r e l a t i v e l y  th in  
door, o r  s e t  o f  th in  d o o rs , s i tu a te d  a t  an a p p ro p ria te  p o s i t io n  a lo n g  
th e  la b y r in th .  A l te rn a t iv e ly ,  a much more a t t r a c t i v e  s o lu t io n  would 
be, to  make up the  m a te r ia l i n  th e  form o f  t i l e s ,  and l i n e  th e  w a lls  
o f  th e  la b y r in th .  I n  t h i s  way a door m ight be u n n ecessa ry .
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I n  o rd e r  to  t e s t  th e  f e a s i b i l i t y  o f  u s in g  w all t i l e s ,  a number 
o f  p o ly th en e  sh e e ts  were o b ta in e d , m easuring 1 m. x 1 m. x 1 cm. th ic k ,  
loaded  w ith  10$ by w eight o f  boron c a rb id e . The M l  n e u tro n  m on ito r, 
th e  boron  l in e d  chamber and th e  gamma io n i s a t i o n  chamber, were p laced  
a t  two f ix e d  p o s i t io n s  in - th e  v i c i n i t y  o f  p o s i t io n  3 and p o s i t io n  6 , 
F ig . 4 * 6 .1 .,  th e  re a d in g s  b e in g  reco rd ed  a t  these , p a r t ic u la r ,p l a c e s  
fo r  v a r io u s  w a ll t i l e  arrangem en ts . The experim en tal la y o u t i s  shown 
in  F ig .  4*12 .1 . .
The machine o u tp u t was 800 radm in  ^ a t  th e  i s o c e n tr e ,  and th e  
r e s u l t s ,  norm alised  to  100 radm in a re  shown i n  Table 4 *12 '.!.
From Table 4 * 1 2 .1 ., i t  can be seen th a t  by sim plyr p la c in g  two th in  
s h e e ts ,  ( t o t a l  th ic k n e ss  1 cm.) o f  boron loaded  p o ly th en e  over th e  
tre a tm e n t room e n tra n c e  (e n tra n c e  A), th e  slow n eu tro n  l e v e l s  a t  th e  
end o f  th e  la b y r in th  a re  reduced  by 50$* I s  a lso  e v id e n t th a t  th e
gamma r a d i a t io n  i s  reduced  by a s im ila r  amount.
U sing th e se  r e s u l t s ,  i t  i s  p o s s ib le  to  c o n s tru c t  a crude model o f  
th e  slow  n eu tro n  a b so rp tio n  p ro ce ss  i n  th e  boron  loaded p a n e ls .  I t  
i s  assumed th a t  th e  slow n eu tro n  in t e n s i t y  I  f a l l s  o f f  a lo n g  a la b y ­
r in t h ,  a f t e r  th e  f i r s t  m etre o r  so , acco rd in g  to  th e  approxim ate 
r e l a t i o n  • • • • • •
—nr?
I  = I  e  Eq. 4 .-12.1.
M e re  a = Slow n eu tro n  a t te n u a t io n  c o e f f ic ie n t  ( l .O  m ) 
d = D is tan ce  down la b y r in th  from p o s i t io n  -1  (m)
From Table 4 * 1 2 .1 ., i t  can be seen th a t  by. p la c in g  8 p a n e ls
around p o s i t io n  -1 ,  F ig . 4 * 1 2 .1 ., th e  slow n eu tro n  DE a t  p o s i t io n  3
-1  -1 i s  reduced  from 2 .5  mremhr to  1 .12  mremhr • Using E qu a tio n
4 .1 2 .1 . ,  th e  slow n eu tro n  DE i n  th e  a re a  a t  which p a n e ls  Y, W, V, and
Z a re  f i t t e d ,  i s  approx im ate ly  83 mremhr ^ w ith o u t th e  p a n e ls  i n  p la c e ,
and 37 mremhr w ith  th e  p a n e ls ,  i . e .  a r e d u c t io n  o f  55$* As i t  has
tak en  8 square m etres o f  panel to  ach ieve t h i s  r e s u l t ,  i t  would appear
th a t  th e  DE re d u c t io n  e f f ic ie n c y  i s  7$ p e r  square  m e tre .
I f  th e  same c r i t e r i a  i s  a p p lie d  to  th e  p o s i t io n  surrounded  by th e
132
= 1
o
0 Ira B
s c a le  1 : 48
F ig . 4*12.1 . The g en e ra l experim en ta l la y o u t o f th e  boron 
t i l e  experim ent*
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TABLE 4 .1 2 .1 .
THE EFFECT OF PLACING BORON LOADED PANELS IN THE LABYRINTH
Experim ental
c o n d itio n s
Number
o f
P an e ls
T o ta l neu tron  
DE
, -1  m.rem .h r
Slow neu tron  
DE
, -1  m.rem .hr
Gamma
DE
-1m.rem.
P o s i t io n  3 
re fe re n c e ,n o  
p a n e ls  u sed .
0 3.75 .2.25
E ntrance A 
covered 2 2 .5 I .25 1.25
P anels  on 
w a lls ,  f lo o r  
to  c e i l in g  
a t  Y and Z
4 3.1 1 .5 1.62
P an els  on 
w a lls  p lu s  
f lo o r  and 
c e i l in g  a t  
Y and Z
6 2 .5 1.25 1 .4
P anels on 
w a l l s , f lo o r  •• 
to  c e i l in g  a t  
Y,W,V,Z.
8 2.25 1.12 1.12
P anels  on 
w a lls  f lo o r  
to  c e i l in g  a t  
P ,Q ,R ,S . 8 2 .87 1 .5 1 .5
P anels  on 
w a lls  f lo o r  
to  c e i l in g  a t  
L,M,N,0 .
8 3 .1 1 .87 1 .5
P anels  on 
f lo o r  on ly  
from W to  LN
4 3.37 1.87 I .87
P o s it io n  6 
re fe re n c e  no 
P anels used .
0 0.15 0.22 0.18
E ntrance B 
covered 2 0.087 0.05 0.137
p an e ls  P, Q, R and S, we have an ap p aren t DE re d u c tio n  e f f ic ie n c y  
o f  5% Pe^ square  m e tre , w hile  a t  p o s it io n s  L, M, N and 0 , th e  appar­
e n t PE r e d u c tio n  e f f ic ie n c y  drops to  3%> p e r  square  m e tre .
These r e s u l t s  would im ply th a t  20 square  m etres o f  boron  loaded  
p o ly th en e  p a n e ls , 1 cm. th ic k ,  p laced  along  th e  w all o f  th e  la b y r in th  
i n  th e  v i c i n i t y  o f  th e  tre a tm e n t room end, would remove 90% o f  th e  
slow n e u tro n  component. The gamma ra y s  produced by th e  a b s o rp tio n  
o f  therm al n eu tro n s  i n  th e  boron  r e a c t io n ,  a re  r e l a t i v e l y  low i n  
energy compared to  th e  a b so rp tio n  gamma ra y s  produced i n  th e  r e a c t io n  
ta k in g  p la c e  i n  th e  hydrogen i n  th e  c o n c re te . F u rtherm ore , th e  cap­
tu re  c ro s s  s e c t io n  o f  boron i s  v e ry  h ig h  and th e  r e s u l t i n g  gamma ra y s  
w il l  be produced lo c a l ly  a t  th e  tre a tm e n t room end. C onsequently , 
th e  gamma r a d i a t io n  re a c h in g  th e  en tran ce  a t  B, w il l  a ls o  be reduced  
c o n s id e ra b ly .
I t  i s  a lso  c le a r  th a t  th e  boron loaded  p an e ls  a re  v e ry  e f f e c t iv e  
when used  as  s h ie ld in g  d o o rs . A 1 cm. th ic k  door red u ces  th e  t o t a l  
n eu tro n  DE by over 50% and th e  gamma ra y s  by a s im ila r  amount.
16 Mev measured
110
ca lculat ed0^
0
0
measured
following 
installat  
\ \  boron
ion of 
t i les
5 6 7 8 m1 2  3 4
F ig . 4*12 .2 . The t o t a l  c a lc u la te d  and measured DE i n  a la b y r in th  
f o r  th e  16 MeV c o n d itio n , to g e th e r  w ith  th e  measured DE fo llo w in g  th e  
i n s t a l l a t i o n  o f  boron t i l e s
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The measured and c a lc u la te d  DE r a t e s  a lo n g  th e  la b y r in th  a r i s i n g  
from th e  16 MeV beam c o n d itio n , shown in  Pig# 4#H*4*> i s  rep roduced  
i n  Pig# 4*12.2#, to g e th e r  w ith  th e  measured DE r a te s  fo llo w in g  a p p l i ­
c a t io n  o f  20 square  m etres o f  boron loaded  t i l e s .  I t  can  be seen  th a t  
th e  boron  t i l e s  reduce  th e  gamma r a d ia t io n  DE r a te s  to  alm ost th e  
c a lc u la te d  values#
4.13# THE LABYRINTH SHIELD DOOR EXPERIMENT
Due to  th e  h igh  neutron-gamma DE em erging from th e  la b y r in th  
e n tra n c e  when th e  a c c e le r a to r  i s  o p e ra tin g  i n  th e  16 MeV photon mode, 
th e  SL75-20 i n s t a l l a t i o n  should  in c o rp o ra te  a f a i r l y  le n g th y  lab y ­
r i n t h ,  p re fe ra b ly  w ith  two r ig h t  ang led  bends a t  each end# T his 
arrangem ent r e q u ire s  a c o n s id e ra b le  amount o f  h o s p ita l  sp ace , which i s
no t alw ays a v a i la b le ,  p a r t i c u la r ly  when th e  a c c e le r a to r  i s  to  be
60i n s t a l l e d  i n  an o ld  b u ild in g  p re v io u s ly  housing  a Co u n i t .
In  th e  fo reg o in g  sec tion ., i t  was shown th a t  w ith  th e  u se  o f  s p e c ia l  
boron loaded  w all t i l e s ,  i t  was p o s s ib le  to  g r e a t ly  reduce  th e  DE i n  
th e  la b y r in th .  However, th e  m anufacture o f  th e se  t i l e s  r e q u ire s  a 
c e r ta in  te c h n ic a l  e x p e r t is e  which ag a in  i s  n o t always l o c a l ly  a v a i la b le .  
I t  was th e re fo re  n ec e ssa ry  to  env isage a s i t u a t io n  i n  which th e  e x i s t ­
in g  space would p e rm it on ly  a s h o r t  la b y r in th ,  w ith  one r i g h t  ang led  
bend. T h is arrangem ent would r e q u ire  a neutron-gamma s h ie ld  d o o r, 
which would have to  be b u i l t  l o c a l ly  w ith  r e a d i ly  a v a i la b le  m a te r ia ls .
In  t h i s  s i tu a t io n ,  i t  would be n ecessa ry  to  d esig n  a sim ple door, 
u s in g  th e  minimum o f  m a te r ia l  which would g iv e  adequate  p r o te c t io n  to  
th e  o p e ra tin g  s t a f f .
The s h o r te s t  p o s s ib le  la b y r in th  a c c e p ta b le , would have i t s  
en tran ce  between p o s i t io n  2 and p o s i t io n 1 3? P ig . 4«6*1. Midway 
between th e se  p o in t ,  an experim en ta l door fram e was p o s it io n e d ,  i n  
which cou ld  be p laced  v a r io u s  th ic k n e sse s  o f  t i s s u e  e q u iv a le n t phantom 
m a te r ia l .
The gamma m onito r, HM1 n eu tro n  m onito r, p ro to n  r e c o i l  c o u n te r and 
boron l in e d  chamber, were p laced  a t  1 m. from th e  f lo o r ,  j u s t  i n  f r o n t  
o f  p o s i t io n  3 and a f t e r  th e  door fram e. An in c re a s in g  th ic k n e ss  o f
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m a te r ia l  was p laced  i n  th e  door fram e and th e  rea d in g s  on th e  i n s t r u ­
ments were t r e a te d  i n  th e  same manner a s  o u tl in e d  in  S e c tio n  4* 7*
The r e s u l t s  no rm alised  to  an i s o c e n t r ic  dose r a t e  o f  100 radm in 
a re  shown i n  T able 4*13.1*
TABLE 4*13.1 .
THE DE ENERGY AND COMPOSITION! BEHIND A TISSUE EQUIVALENT DOOR OP 
INCREASING THICKNESSES: POR A 16 MeV PHOTON BEAM
Thickness
cm
Gamma
. -1  m.rem .h r
Slow
n eu tro n s
V, - 1m .rem .hr
In te rm ed ia te
n eu tro n s
i, - 1m .rem .hr
P a s t
n eu tro n s
v, “ 3m .rem .hr
T o ta l
n eu tro n s
v -1m .rem .hr
0 3.45 2.586 1.55 O.96 5 .1
4 2.373 1.356 O.O36 0.31 1 .7
8 1 .5 0.72 - 0.18 0 .9
10 1.466 0.512 - 0.088 0 .6
The f a s t  n eu tro n  component i s  reduced  by a f a c to r  o f  te n  i n  
10 cm. o f  t i s s u e  e q u iv a le n t m a te r ia l ,  v e r i fy in g  th e  f a c t  t h a t  th e  
f a s t  n eu tro n  mean e f f e c t iv e  energy i s  r a th e r  low . The in te rm e d ia te  
n eu tro n  HVT i s  seen  to  be i n  th e 'r e g io m  o f  0 .8  cm. W hile th e  m ater­
i a l  i s  c le a r ly  no t v e ry  e f f i c i e n t  i n  ab so rb in g  th e  therm al n e u tro n s , 
i t  w i l l  a c t  as  a v e ry  good m oderator to  th e  in te rm e d ia te  and f a s t  
n e u tro n s , th e  o v e ra l l  e f f e c t  app earin g  a s  a r e l a t i v e l y  sm all d e c re a se  
i n  th e  slow n eu tro n  c o n tr ib u t io n .  The HVT i n  t i s s u e  e q u iv a le n t 
m a te r ia l  fo r  th e  gamma ra y s  i n  th e  la b y r in th ,  i s  seen  to  be 7*3 cm.
T his v a lu e  i n  w a te r, would su g g est a mean e f f e c t iv e  energy  o f  0 .47  MeV,
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u s in g  th e  d a ta  su p p lied  by ICRP No.4> 1964•
4 .1 4 . THE CALCULATION OF THE TOTAL NEUTRON-GAMMA DE IN. A LABYRINTH
In  C hapter 3, th e  experim en ta l r e s u l t s  gave th e  t o t a l  n eu tro n  f lu x  
d e n s ity  y ie ld  from th e  ta r g e t  a re a ,  th e  d i s t r i b u t io n  o f  n eu tro n s  
th roughou t th e  tre a tm e n t room and th e  n eu tro n  mean e f f e c t iv e  energy .
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From th e  ex perim en ta l r e s u l t s  i n  t h i s  c h a p te r , th e  same p aram eters  
a re  a ls o  a s c e r ta in e d  i n  th e  la b y r in th #  By combining a l l  th e se  r e s u l t s ,  
i t  i s  p o s s ib le  to  o b ta in  a s e r i e s  o f  g e n e ra l m athem atical e x p re ss io n s  
th a t  w i l l  g iv e  th e  approxim ate t o t a l  neutron-gamma DE, a t  any p o in t i n  
th e  la b y r in th  o f  an SL75-20 i n s t a l l a t i o n  in c o rp o ra t in g  an i n i t i a l  90° 
bend a t  th e  tre a tm e n t room end.
Once t h i s  f ig u re  has been c a lc u la te d ,  to g e th e r  w ith  a  n eu tro n  mean 
e f f e c t iv e  energy , i t  i s  p o s s ib le  to  d esig n  a rea so n ab ly  e f f i c i e n t  radio* 
lo g ic a l  p ro te c t io n  arrangem ent.
The model SL75-20 i n s t a l l a t i o n  i s  shown i n  F ig . 4*14*1*
The t o t a l  neutron-gamma DE DE  ^ a t  any p o in t  P i n  a r i g h t  ang led
la b y r in th ,  i s  g iv en  by th e  sum o f  th e  s e p a ra te  DE components
DE_ = DE + DE + DE + DE  Eq. 4 . I 4 . I .T pg sg  n ng
W here. DE = DE due to  d i r e c t  p e n e tr a t in g  gamma ra y s  th rough  th e
PS
s h ie ld  w all re a c h in g  p o in t P 
DEgg = DE due to  s c a t te r e d  gamma ra y s  from th e  end w all
re ac h in g ' p o in t  P 
DE^ = DE from n eu tro n s  re ac h in g  p o in t  P. from t h e . f i r s t  90°
bend
and DE =r DE from gamma ra y s  a r i s in g  from ap p aren t th erm al n e u tro nng
ab so rp tio n : i n  th e  la b y r in th  m a te r ia ls  re a c h in g  p o in t  P 
C onsidering  each DE component i n  d e t a i l ,  we have . . • • • •
BE = — . (  --------S  _  ) 2 103 e"u t 2 mremhr"1pg 100 d1 + t 2 + d
Eq. 4*14*2.
Where D = Main beam is o  c e n tr ic  dose r a t e  (radm in"’^ )
d = D istance  from ta r g e t  to  is o c e n tr e  i n  4n  d i r e c t io n  (100 cm)
d^ b D istance  from t a r g e t  to  f r o n t  fa c e  o f  s h ie ld  w all i n
ta r g e t  ( t ) to  P d i r e c t io n  (cm) 
t^  = Thickness o f  s h ie ld  w all i n  T to  P d i r e c t io n  (cm)
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Fig* 4*14*1* The model SL75-20 la b y r in th  arrangem ent and th e  
p aram eters  re q u ire d  f o r  th e  c a lc u la t io n  o f  th e  t o t a l  neutron-gamma 
Dose Equi'valent
1 3 9
d ,  = D is tan ce  from o u ts id e  o f  s h ie ld  w all to  c e n tre  o f  
4
la b y r in th  p assag e , a lo n g  T to  P d i r e c t io n  (cm) 
and u s  The l i n e a r  a t te n u a t io n  c o e f f ic ie n t  fo r  th e  1.6 MeV photon 
beam head leakage  r a d ia t io n  i n  o rd in a ry  c o n c re te  
( 0,053  cnT1 )-
I n  c a lc u la t in g  DE , th e  r a d ia t io n ,  s c a t te r e d  down th e  la b y r in thsg
from th e  end w all i s  co n sid e red  to  o r ig in a te  from th e  head leakage 
r a d i a t io n  s c a t te re d  from th e  phantom, th e  l a t t e r  b e in g  e s tim a ted  as  o f  
equal i n t e n s i t y  a s  th e  fo rm er, b u t o f  a much low er e f f e c t iv e  energy , 
c e r ta in ly  no t g r e a te r  than  0*5 MeV. Both components a re  assumed to  
o r ig in a te  from a  so u rce  p o s it io n e d  a t  th e  i s o c e n tr e  ( th e  mean d is ta n c e  
between th e  180° swing o f  th e  tre a tm e n t h e a d ,)
I t  i s  no t n ec e ssa ry  to  c a r ry  ou t th e  te d io u s  i t e r a t i v e  c a lc u la t io n
method u s in g  E quations 4*7*2* and 4*7*3*, u n le s s  a com puter i s  a v a i la b le .
Not a l l  h o s p i ta ls  have such a f a c i l i t y  o r th e  n ecessa ry  so ftw a re . I t  *
16i s  suggested  th a t  th e  s im p lif ie d  Method 1 , o u tl in e d  i n  BS 4094? P a r t  1 ,
i 9 6 0 , . i s  u sed . T h is  s t a t e s  th a t  each sq u are  m etre o f  s c a t te r in g  w a ll 
s u rfa c e , s c a t t e r s  back down a la b y r in th  to  a  d is ta n c e  o f  1 m etre , 1% 
o f  th e  DE r a t e  re a c h in g  th e  s c a t te r in g  s u r f a c e ,  and th e re  a f t e r  fo llo w s  
an in v e rs e  square  law . T his method w i l l  in c o rp o ra te  an  o v e re s tim a tio n  
o f  betw een 10 and 2 0 comparing th e  a c tu a l  m easurem ents, g iven  i n  
Table 4*7*2,
The s c a t te r in g  wall- a re a  i s  e s tim a ted  by sim ple l i n e  o f  s ig h t  
o b s e rv a tio n s , tak en  from th e  is o c e n tr e  and p o s i t io n  P, i n  F ig . 4*14*1* 
T his f ig u r e  i s  then  m u lt ip l ie d  by th e  la b y r in th  en tran ce  h e ig h t .
DE
s S
0 0*1 D 60 /-d ^2 -,^3 r\ rsi f \2  -L ~*12    . ( -  ) 10 0«,01(w2h ) ( -  ) mremhr
3 5
Ida e re  d^ = D istance  from is o c e n tr e  to  c e n tre  o f  s c a t t e r in g  w all (cm)
Wg = l in e  o f  s ig h t  w idth o f  s c a t te r in g  w all (m)
h = H eight o f  la b y r in th  en tran ce  a t  tre a tm e n t room end (m)
and dj- = , D istance  from s c a t te r in g  w all to  p o in t P down la b y r in th  (m)
The m athem atical expression : fo r  th e  c a lc u la t io n  o f  PE . a t  a p o in t  P / n y *
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i n  a  r i g h t  ang led  la b y r in th ,  can be g r e a t ly  s im p lif ie d  i f  c o n s id e ra t io n
i s  l im ite d  to  d a ta  o b ta in ed  beh ind  th e  s h ie ld  wall# R e fe r r in g  to
E quation  1 .1 .8 . ,  th e  r e s u l t  f o r  th e  i n i t i a l  e s tim a tio n  p u rp o ses , was
—1  4 6found to  be 11*34 mremhr , o r  u s in g  th e  ICRP DE co n v ersio n  f a c t o r r 
—112*94 mremhr • The measured DE r a t e  a t  th e  same d is ta n c e ,  b u t w ith  
a much sm a lle r  s c a t te r in g  s u rfa c e  from T able 4*7*1** was found to  be 
betw een 16 and 17 mremhr , over 20% h ig h e r .
I t  i s  th e re fo re  co n sid e red  to  be more p r a c t i c a l  to  use  a  1 s t a r t i n g  
p o in t* , p o s i t io n  0 i n  Pigs* 4*6*1 ., 4*12*1. and 4*14*1* T his p o in t  
i s  lo c a te d  25 cm. down th e  la b y r in th  and behind  th e  s h ie ld  w a ll .  An 
ap p aren t neu tro n  so u rce  i s  p o s tu la te d  a t  1 m etre back up th e  la b y r in th  
from p o s i t io n  0 in  th e  f i r s t  bend, i n  P ig .  4*14*1* The o u tp u t o f  
th i s  so u rce  i s  co n s id e red  to  be p ro p o r tio n a l  to  th e  c ro s s  s e c t io n a l  
a re a  o f  th e  en tran ce  and th e  d is ta n c e  from th e  en tran ce  to  th e  t a r g e t ,  
th e  re q u ire d  c o n s ta n ts  be ing  o b ta in ed  d i r e c t ly  from th e  m easurem ents. 
S u ita b le  m o d ific a tio n s  a re  made to  a llow  th e  form ulae to  be a p p lie d  to  
c a te g o r ie s  o th e r  th an  th o se  found in  th e  a c tu a l  ex p erim en ta l c o n d it io n s .  
A fte r  p o s itio n : 0 , th e  t o t a l  n eu tro n  DE r a t e  i s  co n sid e red  to  d e c rea se  
acco rd in g  to  an in v e r s e  square law .
U sing t h i s  method th e  c a lc u la te d  r e s u l t s  fo llo w  v e ry  c lo s e ly  th e  
r e s u l t s  a c tu a l ly  m easured.
I n  C hapter 3 , P ig . 3 * 8 .2 ., in s p e c tio n  o f  th e  t o t a l  n e u tro n  f lu x
d e n s ity  cu rves i n  th e  h o r iz o n ta l  p la n e , shows th a t  a t  45° to  th e  t a r g e t ,
and a t  175 cm. d is ta n c e  from th e  t a r g e t ,  th e  n eu tro n  f lu x  d e n s ity  i s  
5 - 2 - 110 ncm s • Using t h i s  f ig u re  and an in v e rs e  square  law  f a l l  o f f  i n
f lu x  d e n s ity  w ith  d is ta n c e  from th e  t a r g e t ,  a f ig u re  o f  1 .1 7  x 10^
—2 —1ncm s i s  o b ta in ed  a t  th e  en tran ce  to  th e  la b y r in th  (A -  A P ig . 4 * 6 .1 .)  
This i s  i n  v e ry  good agreem ent w ith  th e  m oderated indium  f o i l  m easure­
ments tak en  a t  t h i s  p o s i t io n ,  talcing in to  c o n s id e ra tio n  th e  f a c t  t h a t  
th e  drum assem bly i s  p a r t i a l l y  s h ie ld in g  th e  en tran ce  from th e  t a r g e t  
a re a .
By p a r t i a l l y  b lo ck in g  th e  en tran ce  a t  th e  tre a tm e n t room end w ith  
sm all o rd in a ry  co n c re te  b lo c k s , i t  was c le a r  th a t  under th e se  p a r t i c ­
u la r  experim en ta l c o n d itio n s , th e  t o t a l  n eu tro n  DE down th e  la b y r in th  
d ec rease s  approxim ate ly  i n  d i r e c t  p ro p o rtio n  to  th e  e n tra n c e  a re a
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“blocked out# I t  was th e re fo re  co n s id e red  rea so n ab le  to  assume th a t  
t h i s  e f f e c t  would a ls o  app ly  to  th e  somewhat la r g e r  h o s p i ta l  en trances#  
From T able 4#7*1*> th e  t o t a l  n eu tro n  DE a t  position*  0 i s  seen  to  be
66#67 mremhr""*'*' f o r  a 16 MeV photon beam a t  an is o c e n tr e  dose r a t e  of:
—1 2 100 radm in • The en tran ce  was # 2  m , th e r e fo r e ,  t h i s  would im ply a
c o n s ta n t o f  33• 3 mremhr’"'*' f o r  every  square m etre  o f  e n tra n c e . T h is
f ig u re  i s  s l i g h t ly  in c re a se d  to  39 mremhr’"'*', to  allow  f o r  th e  s h ie ld in g
e f f e c t  o f  th e  drum#
I t  was assumed th a t  50$ o f  th e  n eu tro n s  coming from th e  ta r g e t  
a re a  and a r r iv in g  a t  th e  la b y r in th  e n tra n c e , would p a ss  u n a tte n u a te d  
through th e  c e n tr a l  h o le  i n  th e  drum. The o th e r  50$ would have trav*-. 
e rsed  3 cm. o f  s t e e l  drum, lo s in g  some 34$ o f  th e  o r ig in a l  f lu x  
d e n s ity .  An HFT o f  4 .9  cm. f o r  f a s t  neutrons-, was assumed.
U sing t h i s  r a th e r  sim ple method, a p r a c t i c a l  re a so n a b ly  accurate- 
t o t a l  n eu tro n  DE can be o b ta in ed  i n  a normal h o s p i ta l  la b y r in th ,  and 
c o r re c t io n s  can be made fo r  i n s t a l l a t i o n s  where th e  a c c e le r a to r  i s  
p laced  d i f f e r e n t ly  to  th e  experim en tal c o n d it io n s .
The g e n e ra l ex p re ss io n  fo r  th e  c a lc u la t io n  o f  DE^ i s  • ••« •*
Where
and
k 3 ( i r )2
E = w,h k- ---- ; —~ mremhr ^ . . . . . .  Eq. 4 . 14 . 4 .n 1 1 k 2 100 sdrj + 1 '
w  ^ = Width o f  la b y r in th  en tran ce  (m .)
k.. = A c o n s ta n t d eriv ed  from th e  la b y r in th  d a ta  num erical
-1 -1v a lu e  39 mremhr @ 100 radmim i s o c e n t r i c  dose r a t e
kg = A c o n s ta n t d eriv ed  from th e  d a ta  in s id e  th e  tre a tm e n t
rpom o f  num erical v a lu e  1 .17  x 10^ ncm s^""**- @ 100 radmin- **
k^ a The t o t a l  neu tro n  f lu x  d e n s ity  a t  175 cm. from th e  t a r g e t  
i n  th e  p lan e  o f  th e  beam a t  an an g le  o f  45° o f  num erical 
v a lu e  10 x 10^ ncm ^s ^ @ 100 radm in’"'*'
dg = D is tan ce  from ta r g e t  to  c e n tre  o f  la b y r in th  en tran ce '
(w^) in (cm .)
-.d^ = D is tan ce  down la b y r in th  from 1 s t a r t i n g  po in t® , p o s i t io n  0
to  p o in t  o f  i n t e r e s t  P (m)
I t  was shown i n  Fig-. 4*11*4*, th a t  th e  t o t a l  gamma DE a c tu a l ly  
measured f o r  th e  16 MeV "beam cond ition*  was c o n s id e ra b ly  more than
t
th e  sum o f  th e  c a lc u la te d  DE s o f  th e  s c a t te re d  and p e n e tr a t in g  ra d ­
ia t io n *  In  f a c t  i t  would appear from th e  d a ta ,  t h a t  some 85$ o f  th e  
t o t a l  gamma DE a lo n g  th e  i n i t i a l  p a r t  o f  th e  s t r a ig h t  s e c t io n ,  fo llo w ­
in g  a r i g h t  angled  bend, i s  produced by therm al n eu tro n  ab so rp tio n *
I t  i s  a ls o  v e ry  app rox im ate ly  e q u iv a le n t to  th e  slow n e u tro n  DE ra te #
U sin g -th e  e m p iric a l method o f  c a lc u la t io n  g iven  i n  E qua tions 
4*14*2. and 4 . 14*3 . ,  th e  ap p a ren t V DE due to  n eu tro n  a b so rp tio n , 
becomes somewhat l e s s  a t  # 70fo.
In  o rd e r  to  a llow  fo r  th e  v a lu e  o f  th e  n eu tro n  produced gamma ra y
DE a t  a  p o in t  P i n  a la b y r in th ,  th e  fo llo w in g  approxim ation  d e riv ed
from th e  ex perim en ta l d a ta , may be used . . . • • •
DEn ~ l
DE = 7r~n mremhr*" . . . . . .  Eq. 4 . 14 . 5 .ng 2 .7
A second r i g h t  ang led  bend a t  th e  end o f  th e  s t r a i g h t  s e c t io n  o f  
a la b y r in th  fo llo w in g  an i n i t i a l  r ig h t  ang led  bend, i s  ex trem ely  e f f e c t ­
iv e  i n  red u c in g  th e  t o t a l  DE to  th e  a re a  occupied  by th e  o p e ra tin g  s t a f f .
The in v e rs e  square  law d ec rease  i n  th e  t o t a l  n eu tro n  DE a long  th e
la b y r in th  s t r a ig h t  s e c t io n ,  b reak s  down c lo se  to  a second r ig h t  ang led  
w a ll, due to  n eu tro n  back s c a t t e r .  For c a lc u la t io n  p u rp o se s , th e  p e r ­
cen tag e  n eu tro n  DE back s c a t te r e d  by th e  w a ll ,  can be o b ta in e d  from th e  
r e s u l t s  i n  Table 4*7.1* , and th e  use  o f  E q u a tio n  4*14*4* The v a lu e s  so 
o b ta in ed  between 50 cm* and 100 cm. from th e  w all s u r f a c e ,  i s  shown i n  
F ig . 4*14*2.
The d is ta n c e  from th e  end w ail i s  donated as  dg i n  F ig .  4 .14*1*, 
and f o r  p r a c t ic a l  p u rp o ses , would norm ally  measure to  th e  c e n tre  o f  th e  
e x i t  opening (d g ).
The t o t a l  neutron-gamma DE a t  p o s i t io n s  4 and 6 i n  T able 4*7*1*,
. . -1  - Ixs g iven  as  5*24 mremhr and 1*2 mremhr r e s p e c t iv e ly ,  a re d u c tio n  
o f  a f a c to r  o f  between 4 and 5* In  a s e p a ra te  s e t  o f  m easurem ents i n  • ■ 
a la b y r in th  w ith a v e ry  long , s t r a ig h t  s e c t io n  o f  10 m*, th e  r e d u c tio n
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D istan ce  from s c a t te r in g  su rfac e
P ig . 4 . I 4 . 2 . The p ercen tag e  back s c a t te re d  n eu tro n  DE produced 
by th e  end •wall o f  a second r ig h t  ang led  bend i n  a la b y r in th
around a second bend, was a f a c to r  o f  betw een 7 and 8 *
Prom th e  r e s u l t s  i n  Table 4.7*1*> i t  i s  v e ry  i n t e r e s t i n g  to  o b serv e  
th a t  th e  t o t a l  DE, o u ts id e  th e  e x i t  a t  p o s i t io n  6., c o n s is t s  o f  a lm o st 
equal amounts o f  n eu tro n  DE and gamma DE. T his sudden in c re a s e  i n  th e  
gamma ra y  component' p e rcen tag e , i s  ag a in  in d ic a t iv e  o f  a r e l a t i v e l y  
la rg e  p ro p o rtio n : o f  therm al n eu tro n s  being ' absorbed i n  th e  r ig h t  
angled  bend, th u s  p roducing  n eu tro n  a b so rp tio n  gamma r a d i a t io n .
The a t te n u a t io n  e f f e c t  o f  a  second r ig h t  angled  bend may be c a l ­
c u la te d , u s in g  th e  fo llo w in g  em p iric a l ex p re ss io n  • • • • • •
DE + DE. + c.DE + c.DE pg sg_______ n _______ ng
4*5
. . . . . .  Eq* 4 . 14 . 6 .
Where DE  ^ = T o ta l neutron-gamma DE o u ts id e  e x i t  a t  p o s i t io n  s 
1 i n  P ig . 4*14*1*
and N eutron back s c a t t e r  c o r re c t io n  f a c to r  o b ta in e d  from 
P ig . 4*14*2*
DE . DE , DE and DE a re  a l l  c a lc u la te d  fo r  a p o in t  P i n  th epg7 sg • n ng
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s t r a i g h t  s e c t i o n  o f  t h e  l a b y r i n t h ,  c o i n c i d i n g  -w ith t h e  c e n t r a l  a x i s  
o f  b o t h  t h e  s t r a i g h t  s e c t i o n  a n d  t h e  e x i t  d o o rw a y , d o n a te d  b y  S i n  
F i g .  The a s s u m p t io n  i s  c o n s id e r e d  v a l i d  f o r  d i s t a n c e s  b e tw e e n
s  a n d  S ,  o f  n o t  l e s s  t h a n  2 m. an d  n o t  g r e a t e r  t h a n  2 .5  m.
4 .1 5 .  LABYRINTH DESIGN CONSIDERATIONS AND RADIOLOGICAL PROTECTION: 
PROCEDURES
L i n e a r  a c c e l e r a t o r  i n s t a l l a t i o n s  v a r y  c o n s i d e r a b l y  f ro m  h o s p i t a l  
t o  h o s p i t a l ,  d e p e n d in g  m a in ly  o n  t h e  s p a c e  a v a i l a b l e  i n  t h e  v a r i o u s  
r a d i o t h e r a p y  d e p a r t m e n t s .  H o w ev er, a  s u r v e y  o f  20 t r e a t m e n t  a r e a s  
p r o d u c e d  s e v e r a l  f e a t u r e s  common t o  some SOfo o f  i n s t a l l a t i o n s  h o u s in g  
h ig h  e n e r g y  m a c h in e s .  F o r  e x a m p le , m o st l a b y r i n t h s  w e re  b u i l t  a t  9 0 °  
t o  t h e  t r e a t m e n t  room  e n t r a n c e ,  t h a t  i s ,  t h e  m a j o r i t y  o f  i n s t a l l a t i o n s  
i n c o r p o r a t e d  a n  i n i t i a l  9 0 °  b e n d .  The e n t r a n c e  o p e n in g s  an d  t h e  
l a b y r i n t h  w e re  u s u a l l y  1.5■ nu w id e  a n d  3 m. h i g h ,  a n d  a l t h o u g h  t h e  
m a c h in e  w as p o s i t i o n e d  i n  t h e  t r e a t m e n t  ro o m s w i th  t h e  m a in  beam  p o i n t -  
i n g  i n  d i f f e r e n t  d i r e c t i o n s ,  t h e  i s o c e n t r e  w as i n v a r i a b l y  b e tw e e n  4  nu 
an d  5 m. d i s t a n t  fro m  t h e  l a b y r i n t h  e n t r a n c e ,  d^  i n  F i g .  4*14«1* l u  
a l l  c a s e s  t h e  l a b y r i n t h  e n t e r e d  t h e  c o n t r o l  room  e i t h e r  d i r e c t l y ,  o r  
v i a  a  s e c o n d  9 0 °  b e n d .
I n  t h e  p r e v i o u s  c h a p t e r ,  i t  w as s t a t e d  t h a t  a  t y p i c a l  p a t i e n t  
t r e a t m e n t  d o s e  w as 6 ,0 0 0  r a d s .  T h is  d o s e  i s  n o r m a l ly  s p r e a d  o v e r  
s e v e r a l  t r e a t m e n t  p e r i o d s ,  w i th  t h e  i n s t a n t a n e o u s  dose) r a t e  a t  t h e  
i s o c e n t r e  r a r e l y  e x c e e d in g  4 0 0  radmin*"'*'.
T he maximum p e r m i s s i b l e  l e v e l  i n  t h e  c o n t r o l  room  i s  u s u a l l y  
b a s e d  o n  a  maximum w h o le  b o d y  w e e k ly  d o s e  t o  t h e  m a c h in e  o p e r a t o r  o f  
10  m rem . T h is  i s  a  f a c t o r  o f  1 0  down o n  t h e  i m p l ie d  w e e k ly  maximum 
f o r  t h e  1 C l a s s i f i e d  R a d i a t i o n  W orker* u n d e r  t h e  re c o m m e n d a tio n s  o f  t h e  
I n t e r n a t i o n a l  C om m ission  o n  R a d i o l o g i c a l  P r o t e c t i o n .
-1T he a c t u a l  t r e a t m e n t  p e r i o d  a t  4 0 0  r a d m in  t y p i c a l l y  l a s t s  a b o u t  
3 m in u te s ,  a n d  a n  a v e r a g e  p a t i e n t  l o a d  c o u ld  b e  i n  t h e  r e g i o n  o f  20  
p a t i e n t s  a  d a y  a t  t h e  h i g h e r  p h o to n  e n e r g y .  T h i s  w o u ld  im p ly  a n  
a c t u a l  ’ m a c h in e  on* p e r i o d  o f  5 h o u r s  p e r  w e e k . I f  a n  i n s t a n t a n e o u s  
DE r a t e  o f  1 m rem hr i s  a l lo w e d  a t  t h e  o p e r a t o r ’ s  c o n t r o l  d e s k  f o r
1 4 5
an i s o c e n t r i c  dose r a t e  o f  400 radmin""'*', th en  th e  o p e ra to r  i s  
u n l ik e ly  to  exceed th e  maximum-, p e rm is s ib le  l e v e l ,  even, w ith  th e  s ig ­
n i f i c a n t  in c re a s e  i n  th e  p a t i e n t  lo a d . T his a lso  le a v e s  a m argin 
o f  o p e ra to r  dose accum ulation  f o r  o th e r  ra d io g ra p h ic  d u t i e s .
N orm ally, th e  c o n tro l  desk i s  n o t im m ediately  a d ja c e n t to  th e  
la b y r in th  e x it ,  because o f  th e  need fo r  com plete m a n o eu v rab ility  o f  th e
r
p a t i e n t  t r o l l e y s ,  and i t  i s  re a so n a b le  to  assume th a t  w ith  a c o n tro l  
desk some m etres d i s t a n t  from th e  doorway and w ith  a  desk a re a  u p p er 
l im i t  o f  1 mremhr""'*' DE r a t e ,  th e  DE r a t e  a t  th e  e x i t  p o s i t io n  w i l l  be 
c o n s id e ra b ly  h ig h e r .
D uring c e r ta in  tre a tm e n t p ro ced u res , i t  i s  custom ary i n  many
h o s p i ta l s  f o r  th e  s t a f f  to  w a it a t  th e  la b y r in th  e x i t ,  f o r  th e  p e r io d
o f  p a t i e n t  i r r a d i a t i o n .  I t  i s  a ls o  u su a l f o r  th e  h o s p i ta l  p h y s ic is t
to  p o s i t io n  s p e c ia l  m onito ring  equipment i n  th e  same a re a  and to  spend
long  p e r io d s  o f  tim e talcing in s tru m e n t re a d in g s , w ith  th e  machine
run n in g  a t  maximum o u tp u t.  I t  i s  th e re fo re  im p o rtan t t h a t  th e  hazard
to  p e rso n n e l occupying th e  a re a  im m ediately  around th e  e x i t  door, even
fo r  in t e r m i t t e n t  p e r io d s , should be c o n s id e red . In  o rd e r  to  make th e
b e s t  p o s s ib le  compromise, th e  r a d io lo g ic a l  p ro te c t io n  p re c a u tio n s  can
—1be based  on a maximum p e rm is s ib le  DE. r a t e  o f  2 .5  mremhr a t  50 cm.
d is ta n c e  from th e  p lan e  o f  th e  e x i t  p o s i t io n ,  measured o v er any one
-1m inute, f o r  an in s ta n ta n e o u s  i s o c e n t r ic  dose; r a t e  o f  400 radm in •
U sing t h i s  f ig u re  w ith  th e  f re q u e n tly  o c c u rr in g  s p e c ia l  dim ensions 
m entioned p re v io u s ly , i t  i s  p o s s ib le  to  c a lc u la te  a ta b le  o f  p ro b ab le  
DEfs f o r  a s e r ie s  o f  la b y r in th  le n g th s ,  u t i l i s i n g  th e  e q u a tio n s  i n  th e  
p rev io u s  s e c t io n . Where th e  space i s  i n s u f f i c i e n t  to  a llo w  th e  
r e q u ire d  le n g th  to  be accom plished, a l t e r n a t iv e  p re c a u tio n s ,  such as  
s h ie ld  doors o r n eu tro n  ab so rb in g  p a n e ls , can be designed  w ith  maximum 
e f f ic ie n c y .  The r e s u l t s  which could  app ly  to  some 90$ o f  i n s t a l l a t i o n  
s i tu a t io n s  a re  shown i n  Table 4*15*1*> and th e  i n s t a l l a t i o n ,  la y o u t key 
i s  shown i n  P ig . 4*15*1*
Where th e  in d iv id u a l  i n s t a l l a t i o n  req u irem en ts  v a ry  c o n s id e ra b ly  
from th e  g en era l s itu a tio n ^  m entioned above, an in d iv id u a l  s e t  o f  
c a lc u la t io n s  must be made, u s in g  th e  ex p re ss io n s  g iven  i n  S e c tio n  '4*14*
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S cale  1 : 50
-1I s o c e n tre  @ 400 rad .m in
Fig* 4 *15*1 * ty p ic a l  r i g h t  angled  la b y r in th  i n s t a l l a t i o n  w ith  
th e  a d d it io n  o f  a ty p ic a l  second r i g h t  ang led  bend
In  o rd e r  to  f u l f i l  th e  r ig o ro u s  r a d io lo g ic a l  p re c a u tio n s  p re v io u s ly  
m entioned, i t  i s  c le a r  from Table 4*15*1** th a t  th e  s t r a i g h t  s e c t io n  
must be over 25 m. i n  le n g th , an im p o ssib le  req u irem en t f o r  most hosp­
i t a l s *  By in tro d u c in g  a second 90° bend, t h e - s t r a ig h t  s e c t io n  can 
be reduced to  13*25 m* o v e ra l l  le n g th  measured from f i r s t  bend w a ll to  
second bend w a ll, b u t even t h i s  would be d i f f i c u l t  to  ach iev e  i n  th e  
space a v a i la b le  i n  th e  m a jo rity  o f  ra d io th e ra p y  departm ents* However, 
by u s in g  th e  s p e c ia l  boron loaded  t i l e s  i n  th e  form o f  w a ll p a n e ls ,  
and by ^the c a re fu l  d es ig n  o f  h ig h ly  e f f i c i e n t  s h ie ld  d o o rs , th e  la b y ­
r in th  space can be s ig n i f i c a n t ly  reduced*
A number o f  p r a c t i c a l  s o lu t io n s  c a lc u la te d  from th e  n eu tro n  ab so rp ­
t io n  d a ta ,  o b ta in ed  from th e  experim en ta l r e s u l t s  p re se n te d  i n  t h i s
1.4$
TABLE 4 . 15 . 2# 
RADIOLOGICAL PROTECTION DATA
C ond itions O rdinary
C oncrete
B ary tes
C oncrete
Iro n Lead
2.35g*cm 3*5g*cm 7.9g.cra ll .3 g .c in
h v t
cm
u
-1cm
hv t
cm
u
-1cm
h v t
cm
u
-1cm
hv t
cm
u
-1cm
8MeV Main 
Photon Beam 
M E E s s  5MeV
11 0.063 7.3 0 
1
* 
I
0 v n 3 0.23 1.5 3.462
8MeV Head 
Leakage 
MEE=3.5MeV
9 a  076 6 0.11 2.6 0.266 1.5 3.462
l6MeV Main 
Photon Beam 
and Head 
Leakage 
MES=9MeV
12.7 a 054 8 . 5 0082 3 0.23 1.4 3.495
Main 
Shi e ld  
D ata
C ond itions R a d ia tio n
Component
Hydrogenous
M a te ria l I ro n
16 MeV h v t u h v t u—1Photon
Beam
cm cm cm cm
a t
I s o c e n tre
N eutrons 
0 .1  MeV
3.2 0.216 3 0.23
MEE=0.5MeVGamma
Rays
(DE ,DE ) ng sg
7-3 0.095 1 O.693
L a b y r in th
D oor
D a ta
Note ( l )  The 2 cm. th ic k  p o ly th en e  panel w ith  27$ borax  has
e q u iv a le n t therm al n eu tro n  c ap tu re  p r o p e r t ie s  to  1 mm. th ic k n e ss
o f  cadmium, i . e .  an a t te n u a t io n  c o e f f ic ie n t  o f  1 ,0 0 0 .
Note ( 2 ) The p la c in g  o f  boron loaded w a ll p an e ls  from f lo o r  to
c e i l in g  around th e  f i r s t  r ig h t  angled bend Y,Z and P?Q,R,S,
F ig . 4 * 1 2 .1 ., w i l l  reduce th e  slow n eu tro n  DE a t  a p o in t. *P* down
th e  la b y r in th  by 70$ and th e  gamma DE (DE, ) a lso  by 70$.ng
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t h e s i s ,  a r e  g iven  i n  F ig .  4*15*2. and F ig . 4*15*3* The a c tu a l  d es ig n  
f ig u re s  u sed , a re  shown i n  T able 4*15*2.
0.6cm0 . 6cm ■el4cm
Door
r c S  Q)
se c tio n
loaded i
1 5 0  -5s 2 5w all
p an e ls m.rem .h r
L.
iim iiiiinniH iim m rn i 2cm Fe
S cale  1 : 50
Is o c e n tre  @ 400 rad .m in  ^
F ig . 4*15*2. The s h o r te s t  p o s s ib le  s t r a i g h t  s e c t io n
The b e s t  s o lu t io n  f o r  th e  s h o r te s t  s t r a i g h t  s e c t io n  would b e : - -
1) To a t te n u a te  DE w ith  an i r o n  p la te  p lac e d  in s id e  th e  tre a tm e n t
PS
room
2) To use  boron loaded  p l a s t i c  on th e  la b y r in th  w a lls  and i n  th e  
s h ie ld  d o o r .to  absorb  th e  therm al n eu tro n s  and to  red u ce  th e  
D E ^  re ac h in g  p o s i t io n  A
3) To in c o rp o ra te  i n  th e  door a s u f f i c i e n t  th ic k n e ss  o f  hydrogenous 
. -m a te ria l (p o ly th en e ) to  m oderate th e  n eu tro n s  0 .1  MeV, and
4 ) To add an amount o f  dense m a te r ia l  i n  th e  door ( i r o n )  to  reduce
f u r th e r  DE . DE and DE; • sg ' ng n
From F ig . 4*15*2., th e  s h o r te s t  p o s s ib le  la b y r in th  i s  seen  to  be
23.75 ni. i n  le n g th . However, 26 m o f  boron loaded  polj^thene w all
150
4cm
2cm
Hard wood
pm'sLLl l o i s d  y a p W M M
P oly thene
Door 
Cross S e c tio n
A 2.5  nurem .hr-1
2 5 0Boron J
loaded J
w all 150 -*25
p an e ls  !
100
100 1 5 0100
100,
10cm Fe4 7
1 7 5
j
4 5 0
| -1B socen tre  @ 400 rad .m in
"" F ig .  5 .1 5 .3 .  The optimum la b y r in th  d es ig n  in c o rp o ra t in g  boron  
loaded  w all p a n e ls , a second r ig h t  ang led  bend, and a 
r e l a t i v e ly  th in  boron loaded  door
p a n e ls , p laced  from f lo o r  to  c e i l in g  around th e  90° bend, w i l l  be
n e ce ssa ry , to g e th e r  w ith  a boron  loaded p o ly th en e  door, 14 cm. th ic k ,
faced  w ith  two s h e e ts  o f  i r o n ,  each 0 .6  cm. th ic k .
The s h ie ld  door need be c lo se d  on ly  when th e  16 Me7 pho ton  beam
i s  i n  u se . I f  in te r lo c k e d  w ith  t h i s  machine c o n d it io n , th e  door 
w i l l  p re s e n t th e  minimum o f  in co n v en ien ce .
The b e s t  s o lu t io n  o f  a i l  would in c o rp o ra te  i n  th e  la b y r in th  
d es ig n , a l l  th e  a t te n u a t io n  f e a tu r e s  p re v io u s ly  m entioned, namely s-
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1) The s h o r te s t  p o s s ib le  s t r a i g h t  s e c t io n  w ith  th e  a d d i t io n  o f  a 
second r ig h t  ang led  bend
2) The u se  o f  30 m o f  boron loaded  w all p an e ls
3) A' r e l a t i v e l y  th in  hard  wood door w ith  a la y e r  o f  boron  loaded 
p a n e ls  screwed to  th e  in s id e  s u rfa c e , and a sh ee t o f  le a d  screwed 
to  th e  o u ts id e  s u r fa c e ,  and
4) A p r e c is e ly  dim ensioned i r o n  p la te  f i t t e d  in s id e  th e  tre a tm e n t 
room
As i n  th e  p rev io u s  example, th e  door need be c lo sed  on ly  when 
th e  16 MeV photon beam i s  i n  o p e ra tio n .
P ig . 5 . 15 . 4 . The boron  loaded po ly thene  w all t i l e  (S c a le  in c h e s )
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The boron  loaded  p an e ls  c o n s is t  m ainly o f  hydrogen r ic h  p o ly th en e  
beads ( th e  raw m a te r ia l  f o r  th e  m anufacture o f  p l a s t i c  m ouldings) 
bonded to g e th e r  i n  p an e ls  33*3 x 33*3 x 2 .0  cm. minimum, w ith  in d u s t ­
r i a l  ty p e  p o ly e s te r  r e s i n .  The boron lo a d in g  i s  added i n  th e  form 
o f  b o rax  powder to  th e  r e s in ,  27$ by w eigh t o f  borax to  th e  w eight o f  
p o ly th en e  b ead s .
The m ix tu re  i s  poured in to  fo rm ica faced  wooden m oulds, th e  s u r ­
fa c e s  o f  which a re  smeared w ith  p a r a f f in  wax. To en su re  th a t  th e  
id e n t i c a l  maximum q u a n ti ty  o f  beads go in to  each p a n e l, i t  i s  n e c e ssa ry  
to  p re s s  th e  m ix tu re  in to  th e  p an e l mould. F i r e  r e s i s t a n t  and c o lo u r­
in g  a d d i t iv e s  may be u sed . F ig .  5*15*4*
The r e s u l t  i s  an a t t r a c t i v e ,  s a fe ,  f i r e  r e s i s t a n t  w a ll p a n e l, 
w ith  h ig h  n eu tro n  a b s o rp tio n  p r o p e r t ie s .  I t  i s  easy  and in ex p en s iv e  
to  m anufactu re , w ith  m a te r ia ls  r e a d i ly  a v a i la b le  th roughou t th e  w o rld . 
F urtherm ore , by p la c in g  th e  p a n e ls  i n  a p p ro p r ia te  la y e r s ,  th ey  may 
a lso  be used to  make th e  s h ie ld in g  d o o rs .
CHAPTER 5
THE EXPERIMENTAL BEAM FACILITY AS A NEUTRON SOURCE
5 .1 .  THE EXPERIMENTAL BEAM
The n eu tro n  p ro d u c tio n  o f  th e  SL75—20 A c c e le ra to r  so f a r  co n s id ­
e red , h as  been o f  an u n fav o u rab le  n a tu re , t h a t  i s ,  th e  n eu tro n s  c re a te d  
d u rin g  a  tre a tm e n t p e r io d  have been m ainly unwanted. C onversely , th e  
a b i l i t y  to  produce n eu tro n s  a t  h igh  f lu x  d e n s i t i e s ,  i s  ex trem ely  u s e fu l  
i n  a h o s p i ta l  environm ent. A c tiv a tio n  o f  body t i s s u e s ,  e i th e r  i n  v ivo  
o r  as  sam ples, could prove to  be a pow erful d ia g n o s tic  method.
The co n v en tio n a l method o f  producing  r a d io a c t iv e  so u rces  i n  a 
h o s p i ta l  environm ent fo r  d ia g n o s tic  p u rp o ses , i s  by th e  u se  o f  is o to p e  
•cows*. U t i l i s in g  th e  r e a c t io n  ^M o(ny)'^M o ^^mTc, Technetium  99^
i s  produced which has a h a l f  l i f e  o f  6 h o u rs . A p ro p o rtio n  o f  r a d io ­
a c t iv e  is o to p e s ,  however, a re  produced o u ts id e  th e  h o s p i t a l .  T h is 
l im i t s  th e  cho ice  o f  is o to p e  to  th o se  w ith  h a l f  l iv e s  o f  a t  l e a s t  24 
h o u rs . The g e n e ra tio n  o f  n eu tro n s  on th e  h o s p ita l  s i t e ,  would no t 
on ly  widen th e  ch o ice , b u t a ls o  a llow  s h o r te r  l iv e d  is o to p e s  to  be 
used i n  p la c e  o f  th e  norm ally  com m ercially  a v a i la b le  so u rc e s . A 
ready  supply  o f  s h o r t  l iv e d  is o to p e s  co u ld , i n  c e r ta in  d ia g n o s t ic  
in v e s t ig a t io n s ,  s ig n i f i c a n t ly  reduce  th e  dose to  th e  p a t i e n t .
The d a ta  produced by MEL re g a rd in g  th e  experim en tal beam f a c i l i t y
i s  r a th e r  s p a rs e . The o n ly  f ig u re s  a v a i la b le  from th e  m an u fac tu rer
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a re  th o se  b r i e f l y  m entioned i n  th e  b ro ch u re , s ta t in g  th a t  a  beam o f 
e le c t r o n s ,  between 10 and 15 MeV a t  app rox im ate ly  600 w a tts  o f  power, 
may be e x tra c te d  a lo n g  th e  l in e  o f  th e  wave g u id e . T h is  f a c i l i t y  has 
i t s  own c o n tro ls  and in te r lo c k s ,  and i s  com ple te ly  in d ep en d en t o f  th e  
tre a tm e n t c o n tro ls .
By th e  end o f  1977* th e ,o n ly  r e s u l t s  a v a i la b le  on th e  c a l i b r a t io n
o f  th e  e le c tro n  beam, were from th e  machine i n s t a l l e d  a t  Addenbrookes
83H o s p ita l ,  Cambridge. These were p re lim in a ry  r e s u l t s ,  i n i t i a t i n g  a 
p r o je c t  which w i l l  e v e n tu a lly  in v o lv e  th e  a c c u ra te  c a l i b r a t io n  o f  th e  
e le c tro n  beam, u s in g  a Faraday cup, a p ersp ex  dosim eter and a c a l o r i ­
m eter.
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At th e  tim e o f  w r i t in g ,  th e  i n i t i a l  measurements show, th a t  w ith  
a p r f  o f  150 p p s , a mean e le c tro n  beam c u r re n t  o f  40 /wA was r e a d i ly  
a v a i la b le  a t  16 MeV. T his beam passed  th rough  an e x i t  window o f  
copper, 3 thou th ic k ,  p roducing  an e le c tro n  beam sp o t s iz e  o f  ap p ro x - • 
im a te ly  1 cm. d iam eter a t  a d is ta n c e  o f  6 cm.
A revue  o f  th e  c u r re n t  r e se a rc h  a c t i v i t i e s  be ing  conducted a t  th e  
o th e r  SL75-20 i n s t a l l a t i o n s  i n  Sweden, H olland  and Germany, d id  n o t 
y ie ld  more s u b s ta n t ia l  in fo rm a tio n .
P ro v id in g  th e  p re c a u tio n a ry  m easures a re  ta k e n , . as  m entioned i n  
C hapter 3, re g a rd in g  o v e rh e a tin g  o f  th e  m achine, a 16 MeV e le c tro n  
beam a t  a c u r re n t  o f  40 /uA, can be e x tra c te d  co n tin u o u sly  fo r  a t  l e a s t  
h a l f  an h o u r. A d d itio n a l c o o lin g  would, o f  co u rse , be n e c e ssa ry  f o r  
any beam w idening s c a t te r in g  f o i l s  o r  b rem sstrah lu n g  t a r g e t  m a te r ia l .
When h igh  energy e le c tro n s  lo s e  energy r a d ia t iv e ly  i n  th e  p ro d u c tio n  
o f  a b rem sstrah lu n g  beam, t h e i r  energy i n  a depth  x i n  th e  t a r g e t  
m a te r ia l ,  i s  g iven  by . . . . . .
x
E = E e . . . .  ii/Q. 5 • 1 .1 .o
Where Eq = The i n i t i a l  e le c tro n  energy 
1 a* The r a d i a t io n  le n g th  Xo
The q u a n ti ty  known as th e  r a d ia t io n  le n g th  i s ,  th e r e fo r e ,  t h a t  
le n g th  o f  m a te r ia l  tra v e rs e d  by th e  e le c tro n  i n  which i t s  o r ig in a l  
energy has been reduced  to  a s  s ta te d  p re v io u s ly  i n  C hapter 1 .G
Q u a n ti t iv e ly , th e  r a d ia t io n  le n g th  i s  g iven  by . . . . . .
1
4a £ Z2r 2 ln ( l8 3  Z3 ) . . . . . . .  Eq. 5 .1 .2 .a e
in e  s t r u c tu r e  c o n s ta n t 
l a s s i e  e le c tro n  ra d iu s  
c number 
number
d ro s  c o n s ta n t
1
Xo
Where a = The f:
r  = The c e
Z = Atomi 
A = Mass 
L = Avaga
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An ex te n s iv e  rev iew  o f  n eu tro n  y ie ld s  from ta r g e ts  bombarded by
high  energy  e le c tro n s ,  i n  term s o f  Xo, was p u b lish ed  by B arber and 
5  7 4
George, i n  1959* The work o f  P r ic e  and K e rs t ,  p u b lish ed  e a r l i e r ,  
i n  1950* on th e  y ie ld s  and an g u la r d i s t r i b u t i o n  o f  some ( Yf n)  p ro c­
e s se s , has a lre a d y  been m entioned i n  C hanter 1 . In  th e  B arber and 
5
George p u b l ic a t io n ,  th e  au th o rs  g iv e  th e  t o t a l  neu tro n  y ie ld s  as  a 
f u n c t io n  o f  e le c tro n  energy from 10 to  36 MeV#
V arious t a r g e t  m a te r ia ls  were u sed , in c lu d in g  C, A l, Cu, Ta, Pb 
and U# T arg e t th ic k n e sse s  ranged from lXo to  6 X0  #-• I t  was-'Shown-that 
w ith  a t a r g e t  o f  Pb bombarded w ith  e le c tro n s  o f  34 MeV, th e  y ie ld  f o r
—■i
1 Xo w as 2 .1  x  10  n  e l  , an d  f o r  6  X o, 9 * 0  ^  1 0  n  e l  . .  Com par­
i n g  y i e l d s  fro m  t a r g e t s  o f  1 X o, i t  w as fo u n d  t h a t  t h e  y i e l d  fro m  U 
w as t w ic e  t h a t  o f  F b , d u e  to  a d d i t i o n a l  p r o d u c t i o n  o f  n e u t r o n s  fro m  
f i s s i o n #
5
Prom th e  d a ta  p re se n te d  by B arber arid George, i t  appeared  th a t  a t  
34 MeV, th e  n eu tro n  y ie ld  to  energy  lo s s  r a t i o  as  a fu n c t io n  o f  dep th  
i n  th e  shower, w ith in  th e  t a r g e t  m a te r ia l ,  rem ained f a i r l y  c o n s ta n t 
up to  4 Xo# Beyond 6 Xo, th e  n eu tro n  p ro d u c tio n  i s  l e s s  th an  th e  
p e rcen tag e  energy p ro d u c tio n  o f  9»2%9 and a f ig u re  o f  5 ~ 3$ i s  g iven  
fo r  th e  n eu tro n  y ie ld  beyond t h i s  ta r g e t  th ick n ess#
T he y i e l d  o f  n e u t r o n s  p e r  e l e c t r o n  o f  e n e rg y  Eq i n c i d e n t  o n  a  
t a r g e t  o f  t. r a d i a t i o n  l e n g t h s ,  c a n  b e  e x p r e s s e d  a s  # • • • • •
E/  o
l ( E  , k , Z , t )  f f ( z , k ) d k  . . . . . .  E q . 5 . 1 . 3 .
o °
•'*2W here n ( z )  = Num ber o f  a to m s  cm Xo o f  t a r g e t  of. a to m ic
num ber Z
l ( E o , k , Z , t )  = T he t r a c k  l e n g t h  o f  p h o to n s  o f  e n e r g y  k  i n
t h e  sh o w e r d e v e lo p e d  i n  t h e  t a r g e t  
an d  c r ( Z , k )  = T he c r o s s  s e c t i o n  f o r  a  p h o to n , o f  e n e r g y  k
t o  p r o d u c e  a  n e u t r o n  i n  t h e  t a r g e t
5 2
T he a b o v e  e q u a t i o n  w as u s e d  b y  L e v ih g e r  i n  1990? t o  c a l c u l a t e  
t h e  n e u t r o n  y i e l d  fro m  a n  i n f i n i t e l y  t h i c k  l e a d  t a r g e t #  T h i s  p r o ­
d u c e d  t h e  r e s u l t  .............
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TCP 82 ® ) = 2 x 10~4 E (MeV-) n el*"1N o * o #»••#•> Eq » 5 • 1 • 4 •
u s in g  ex p erim en ta l d a ta  f o r  <j and a d e riv ed  ex p ress io n  fo r  th e  t r a c k  
leng th#
5
The ex perim en ta l d a ta  o f  B arber and George, ag rees  w ith  th e  above 
r e s u l t  f o r  a Fd t a r g e t  o f  6 Xo a t  Eq = 25 MeV* However, above t h i s  
energy , th e  experim en ta l r e s u l t s  were h ig h e r , and below th e y  were 
low er, th a n  th e  p re d ic te d  y ie ld s .
Prom th e  fo rego ing^ i t  would appear t h a t  a p r a c t i c a l  th ic k n e ss  o f
ta r g e t  would be 6 Xo, and th e  most e f f i c i e n t  neu tro n  t a r g e t  m a te r ia l
5would be uranium# U t i l i s in g ' th e  d a ta  o f  B arber and George, a 
number o f  p r a c t i c a l  ta r g e t s  and t h e i r  r e l a t i v e  n eu tro n  y ie ld s  a re  
produced i n  Table 5*1*1* *
TABLE 5 .1 .1 .  .
CALCULATED NEUTRON YIELDS FROM VARIOUS TARGET MATERIALS OP 6 Xo 
THICKNESS PRODUCED BY THE EXPERIMENTAL ELECTRON BEAM FACILITY 
OPERATING; AT 16 MeV WITH AN OUTPUT ELECTRON BEAM OP 40 juA
M ateri a l Xo-2gmcm
T arg et
Thickness
gmcm
Y ie ld ,
n e l
T o t a i j l u x
ns
Pb 5 .8 34.8 1*4 x 10~3 '3 .5 3  x 1011
Cu 12.7 76.2 0.13 x 10~3 0 I 33 x 1011
U 5 .4 32.4 2 .8  x I0~ 3 '  ^ 11 7.06 x 10
Ta 6 .3 37.2 1 .1  x 10~3
* 11 2 .8  x 10
The y ie ld  f o r  Pb, i n  Table 5-*l*l.> can be compared to  th e  more 
3 0
i^ecent d a ta  o f  D ea le r, reproduced in  a p r a c t i c a l  form i n  th e  B r i t i s h
/  N1 7 ' 8S tandards P u b lic a tio n  4094 (1971)# A. f ig u re  o f  6#4 x 10 n eu tro n s  
p e r w a tt o f  e le c tro n  beam i s  g iven  f o r  an energy o f  16 MeV# T h is
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11 —1would produce a t o t a l  neutrora f lu x  o f  3»8 x 10 ns f o r  th e  Quoted 
heam o u tp u t o f  600 w a tts  from a * th ic k  t a r g e t* • A llow ing fo r  e x tr a ­
p o la tio n : d i f f e r e n c e s ,  th e  f ig u re s  a re  i n  re a so n a b le  agreement*
C le a r ly ,  th e  t a r g e t  must be o f  s u f f i c i e n t  th ic k n e ss  to  absorb; most 
o f  th e  energy i n  th e  e lec tro m ag n e tic  cascad e . I t  must a ls o  be wide 
enough a t  i t s  back fa c e  to  c o n ta in  th e  d iv e rg in g  beam. The f r o n t  fa c e  
o f  th e  t a r g e t  must be wide enough to  accommodate th e  c ro s s  s e c t io n a l  
a re a  o f  th e  im pinging  beam, to g e th e r  w ith  any machine f lu c tu a t io n  
e f f e c t s ,  b u t th e  t a r g e t  as  a whole must n o t be so th ic k  th a t  an ap p rec­
ia b le  number o f  pho to n eu tro n s  can n o t escap e .
27
Measurements c a r r ie d  o u t a t  D aresbury N uclear P h y sics  L aborato ry
on a s p e c ia l ly  c o n s tru c te d  beam s to p , showed th a t  f o r  GeV e le c tro n
beams, th e  cascade fanned o u t i n  an approxim ate c o n ic a l shape. An
ang le  o f  8° was e v id e n t from th e  a x is  o f  th e  beam to  a p o in t  on th e
p lan e  o f  maximum b u ild -u p  where th e  i n t e n s i t y  had f a l l e n  to  h a l f  th e
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i n t e n s i t y  a t  th e  c e n t r a l  a x is .  The MBS Handbook 97* su g g e s ts  th a t  
f o r  p r a c t i c a l  b rem sstrah lu n g  t a r g e t s  a t  low er e n e rg ie s , th e  h a l f  in te n ­
s i t y  an g le  o f  th e  Xrays would be 100 to  200 M eV-degrees. T his would 
im p ly  a p r a c t i c a l  an g le  o f  12*5°•
With such in te n s e  h igh  energy e le c tro n  beams, c o n s id e ra b le  lo c a l  
h e a tin g  w i l l  tak e  p la c e  i n  th e  t a r g e t  m a te r ia l .  The m a jo r i ty  o f  th e  
energy o f  th e  e le c tro n s  i s  absorbed w ith iri th e  maximum range  o f  th e
-2e le c tro n s  i n  th e  m a te r ia l .  I f  th e  maximum range  i s  ta k e n  as  11 gem 
fo r  16 MeV e le c t ro n s ,  and th e  d iam eter o f  th e  beam i s  tak en  as  1 cm ., 
i t  can be shown th a t  f o r  a beam c u r re n t o f  40 some 600 w a tts  o f  
power a re  absorbed i n  8 to  9 gnu o f  ta r g e t  m a te ria l.. The p o s s ib le  
lo c a l  tem pera tu re  r i s e  fo r  each t a r g e t ,  i s  shown in  th e  l a s t  column o f  
Table 5 . 1 . 2 .
I t  can be seen  th a t  th e  ta r g e t s  w il l  q u ic k ly  become ex trem ely  h o t ,  
and i n  th e  case o f  le a d , a c tu a l ly  m elt w ith in  seconds o f  i r r a d i a t i o n .  
E f fe c t iv e  co o lin g  r e q u ire s  th a t  th e  in te n s e  h e a t  c re a te d  w ith in  th e  
ta r g e t  m a te r ia l  i s  conducted away e f f i c i e n t l y .
To f a c i l i t a t e  t h i s ,  th e  t a r g e t  m a te r ia l  could  be s e t  i n  a w a te r -  
cooled h e a t s in k , o r  a l t e r n a t iv e ly ,  d iv id ed  a c ro ss  i t s  a x is  in to  a
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number o f  s l i c e s ,  each s l i c e  b e in g  se p a ra ted  from th e  n e x t by a gap 
th rough  which c o o la n t i s  pumped. G reat c a re  must be tak en  i n  th e  
d es ig n  o f  th e  t a r g e t  co o lin g  system , p a r t i c u la r ly  i n  r e s p e c t  to  th e  
power d e n s ity  o f  th e  beam. I d e a l ly ,  th e  e le c tro n  beam should  be 
made a s  wide as p o s s ib le  b e fo re  s t r ik in g  th e  t a r g e t .  T h is  r e q u ire s  
a deg ree  o f  d e fo cu sin g  and a d d i t io n a l  c o i l s  may be n e c e ssa ry .
D efocusing th e  beam w i l l  n o t a f f e c t  th e  n eu tro n  y ie ld ,  however, i t -  
has been shown th a t  when a  p a r a l l e l  beam i s  focused  o r  d efocused , th e  
an g le  o f  d ivergence  o f  th e  b rem sstrah lu n g  beam, a t  which th e  c e n t r a l  
a x is  i n t e n s i t y  i s  reduced to  h a l f ,  i s  doubled . T h e re fo re , i f  d e fo c­
u s in g  c o i l s  a re  u sed , th e  beam s to p  should be wide enough to  c o n ta in  
a beam w ith  a h a l f  an g le  o f  25°•
Care must a lso  be taken  to  ensure th a t  th e  c o o lan t i s  s a fe ly  
r e c i r c u la te d  o r  d isc h a rg ed .
Induced a c t i v i t y  i n  a l iq u id  c o o la n t could  produce a  r a d i a t io n  
h aza rd , i f  th e  co o la n t p ip e s  p ass  through th e  b io lo g ic a l  s h ie ld  to  
occupied  a re a s .  I d e a l ly ,  l iq u id  c o o la n t should  be r e c i r c u la te d  w ith in  
th e  b io lo g ic a l  s h ie ld  i n  a com plete ly  c lo se d  c i r c u i t ,  in c o rp o ra t in g  
th e  e x te n s iv e  use  o f  h e a t  exchangers, Coolant tre a tm e n t a p p a ra tu s  and 
a s h ie ld e d  r e s e r v o i r .  I f  a gas co o lan t i s  u sed , d isc h a rg e  to  th e  
atm osphere must be v ia  a s ta c k , which should  be w ell c l e a r  o f  s u r r ­
ounding b u ild in g s ,  windows and a i r  in ta k e s .  The gas i t s e l f ,  must be 
c a re fu u ly  chosen, because w ith  h igh  r a d ia t io n  d oses, exotherm ic 
chem ical r e a c t io n s  could  produce ex p lo siv e  c o n d itio n s . Very th in  
uranium ta r g e t s  could  i g n i t e  a t  a h igh beam power d e n s ity ,  even i f  
i n e r t  gas i s  used a s  a c o o la n t.
The m a te r ia ls  used in  th e  n eu tro n  f a c i l i t y  should have low 
re a c t io n  c ro ss  section) o r  s h o r t  h a l f - l i v e s  (such  as alum inium ) a s  th e  
c o n s id e ra b le  number o f  n eu tro n s  c re a te d  in  th e  t a r g e t  v i c i n i t y ,  w i l l  
g ive r i s e  to  an induced  a c t i v i t y  hazard  i n  th e  n eu tro n  assem bly .
P r a c t ic a l  t a r g e t  dim ensions fo r  a number o f  m a te r ia ls ,  a r e  shown 
in  Table 5*1*2.
The in te r a c t io n  o f  th e  e le c tro n  beam w ith  th e  a i r ,  w i l l  produce 
noxious gas i n  th e  form c f  ozone and n i t ro u s  fume*. A c t iv a t io n  o f
TABLE 5 .1 .2 .
PRACTICAL TARGET DIMENSION FOR THE S L 75-20  EXPERIMENTAL BEAM FACILITY
M a te ria l D ensity Area Length Y
R atio
M elting  
Poi n t
P o ss ib le  
Local 
Temp, r i s e
gmcm ^ 2cm cm °C 0
 
a CO
1
Cu 8.89 20 8 .6 0 .1 IO84 186
Ta 16.6 7 2.3 0 .8 2996 466
Pb . 11.34 7 ■3.0 1 .0 327.4 558
U 19.05 7 1 .7 2 .0 1034 600
th e  a i r  w il l  a lso  he produced,, m ainly from th e  reac tio n s
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Assuming th e  recommendation: i n  BS 4094* P a r t  2 ,.1971* th a t  one 
m olecule o f  noxious gas i s  produced f o r  every  33 ©V o f  energy ab so rb ed , 
th e  r a t e  o f  p ro d u c tio n  p e r cm. o f  beam patfr through th e  a i r ,  i s  
g iven  by . . . . . .
1 T -1- 1  2.2 X 10^ r  n r*12 T tv) C T r-m olecules cm s =    x 6 .25  x 10 • I  • • • • • •  Eq. 5 . I O *
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Where I  = E le c tro n  beam c u r re n t  (/uA)
T h e re fo re , a 40 beam tx»aversirig a d is ta n c e  o f  100 cm. front
18e x i t  window to  n eu tro n  ta r g e t ,  would produce 1 .6  x 10 m olecu les p e r  
second.
A  s tan d a rd  tre a tm e n t room would have adequate  v e n t i l a t i o n  under 
normal o p e ra tio n a l  circum stances#  However, i t  i s  p o s s ib le  th a t  add­
i t i o n a l  v e n t i l a t io n  m ight be n ecessa ry  w ith  an ex perim en ta l e le c t ro n  
beam o p e ra tin g  a t  maximum c u r re n t ,  f o r  lo n g  p e r io d s  o f  tim e and t r a v ­
e r s in g  d is ta n c e s  i n  a i r  i n  excess o f  100cm.
The f in a l  c o n c e n tra tio n  i n  th e  tre a tm e n t room should  be 1 p a r t
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i n  10^, and t h i s  should  he ach ieved  s h o r t ly  a f t e r  th e  a c c e le r a to r  i s  
sw itched  o f f .  E x p e rim e n ta lis ts  would n o t want to  w a it f o r  len g th y  
p e r io d s  to  rec o v e r  a c t iv a te d  sam ples. I d e a l ly ,  th e  e le c t ro n  heam 
should  he conducted through a vacuum chamber th e  whole le n g th  o f  th e  
heam p a th ,  h u t because  t h i s  m ight prove in c o n v e n ie n t, a  s h o r t  le n g th  
o f  vacuum tube  could  he used c lo s e  to  th e  n eu tro n  t a r g e t ,  to g e th e r  
w ith  an e a s i ly  rem ovable helium  f i l l e d  p o ly th en e  bag, o v er th e  r e s t  
o f  th e  heam p a th . T h is arrangem ent would cause minimum d is ru p t io n  
i n  th e  tre a tm e n t room. *
The helium  hag should  he f i t t e d  w ith  M ylar e n try  and e x i t  windows. 
The u se  o f  a  helium  hag would n o t on ly  red u ce  th e  p ro d u c tio n  o f  ozone, 
h u t a ls o  l i m i t  th e  p ro d u c tio n  o f  ra d io a c t iv e  a i r .  F u rth erm o re , th e  
e le c tro n  beam d iv erg en ce  would a lso  he red u ced .
The an g u la r d i s t r i b u t i o n  o f  th e  n eu tro n s  em itted  from th e  t a r g e t ,  
can he co n sid e red  a s  approx im ate ly  s p h e r ic a l .  P r ic e  e t  a l ,  demon­
s t r a t e d  th a t  t h i s  was c e r ta in ly ' so f o r  Pb and Fe,. w ith in  th e  p ro b ab le  
e r r o r s .  The measurements w ith  Be and D^ O however, showed a s l i g h t  
s p h e r ic a l  asymmetry w ith  a maxima a t  9 0 ° .
I n  C hapter 3> i t  was shown th a t  f o r  an i s o c e n t r ic  dose r a t e  o f
-1  5 -2  -1100 radmim , a n eu tro n  f lu x  d e n s ity  o f  3 .0  x 10 ncm s was
o b ta in e d .
In  C hapter 4* an optimum tre a tm e n t room was designed  f o r  a main 
heam i s o c e n t r ic  dose r a t e  o f  400 radm in  t h a t  i s ,  1 .2  x lO^ncm ^s 
T his arrangem ent allow ed a maximum BE o f  2 .5  mremlir"*^ o u ts id e  th e  
en tran c e  door.
11From F ig .  5*1»1** a neu tron  f lu x  o f  7«06 x 10 i s  in d ic a te d ,
5 -2  -1g iv in g  a f lu x  d e n s ity  o f  5*57 x 10 ncm s a t  100 cm. T h is  would 
im ply th a t  th e  BE r a t e  i n  th e  c o n tro l  room would he in c re a s e d  by a 
f a c to r  o f  5 , u s in g  th e  e le c tro n  heam f a c i l i t y  as  a n eu tro n  so u rce  
under th e  c o n d itio n s  quoted .
A c o n s id e rab le  amount o f  e x tr a  s h ie ld in g  i s  r e q u ire d , n o t o n ly  
f o r  th e  a d d it io n a l  n e u tro n s , h u t a lso  fo r  th e  in c re a se d  b re m ss tra h lu n g  
in t e n s i t y .
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The e x te n s iv e  measurements c a r r ie d  o u t i n  t h i s  re se a rc h  p r o je c t  
and p re se n te d  in  p rev io u s  c h a p te rs , p e rm its  th e  a c c u ra te  assessm ent 
o f  th e  h aza rd s  in v o lv e d , and th e  s h ie ld in g  r e q u ire d . With th e  
e x te n s iv e  u se  o f  le a d ,  p o ly th en e  and boron. loaded  t i l e s ,  an e f f i c i e n t  
r a d ia t io n  containm ent assem bly can be d esig n ed , demanding th e  minimum 
o f  sp ace .
A p o s s ib le  n eu tro n  ta r g e t  co n fig u ra tio n ; i s  shown i n  F ig .  5 .1 * 2 .
Exhaust
C ooling
-Mrt
uranium
T arg e t 
C ooling<— 100
Chamber
Vacuum
Chamber
Helium
20 S 25 
•< >
S lid in g  
Door
Lead
P olythene
tUtuufl Boron T ile s
Graphi te
F ig . 5*1*2. A p o s s ib le  s h ie ld in g  arrangem ent for* a n e u tro n  
f a c i l i t y  in c o rp o ra tin g  a  th ic k  Uranium ta r g e t  bombarded 
w ith  16 MeV e le c tro n s  a t  40 «A.
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The sh ie ld in g  data used, i s  g iven  in  Table 5*1 .3 .
TABLE 5 .1 * 3 .
SHIELDING; DATA FOR a 16 MeV ELECTRON BEAM IMPINGING- ON A 
THICK DENSE NEUTRON PRODUCTION. TARGET
M a te ria l Photons- -■ - N eu trons(MEE 2 MeV)
HVT TVT IIVT tvp u
cm cm -1cm cm cm
-1cm
C oncrete 12.7 42 0.054 11 36.3 0.055
2.35gmcm ^
'B a ry te s
Concrete 8 .5 28 0.082 7.5 24.7 0.081
3.5gmcm ^
S te e l 3 10 0.23 • 6 19.8 0 .1
r ,  r- ~3 7 .5 gmcm
Lead 1 .4 4*6 0.495 6 19.8 0 .1
11.3gmcm ^ •
P olythene 38 125 0.016 5 .3 17.5 0.114
N ote: P o ly thene t i l e  1 cm. th ic k ,  loaded  "with 27% by w eight
o f  b o rax , has an a t te n u a t io n  o f  10 to  th erm al n eu tro n s  
MEE .as Mean e f f e c t iv e  energy
A^ t th e  tim e-o f w ritin g ^  no h o s p i ta l  w ith  an 3L75“'20 L in e a r  A ccel­
e r a to r ,  has  a ttem pted  to  u t i l i s e  th e  ex p erim en ta l beam f a c i l i t y  a s  a 
h igh  in t e n s i t y  n eu tro n  so u rce , presum ably because  o f th e  h aza rd s  
in v o lv e d , b u t from th e  c o l la te d  ev idence, i t  i s  c le a r  t h a t  a n eu tro n  
f a c i l i t y  could be s a f e ly  c o n s tru c te d  i n  a c o rn e r  o f  an everage s iz e  
tre a tm e n t room. I t  need no t i n t e r f e r e  w ith  th e  normal p a t i e n t  
tre a tm e n t programme, th e  f a c i l i t y  b e ing  a q u i te  independen t o p e ra t­
io n a l  assem bly.
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8 9 —2 —1Al n eu tro n  f lu x  d e n s ity  o f  10 -  10 ncm s , r e a d i ly  a v a i la b le
i n  th e  sample chamber, i s  s u f f i c i e n t ly  in te n s e  to  produce re a so n a b le
q u a n t i t i e s  o f  therm al n eu tro n s  f o r  a c t iv a tio n : purposes#
CHAPTER 6
SUMMARY AND CONCLUSIONS
6 .1 . THE INITIAL ESTIMATES OF THE NEUTRON HAZARDS.
In  C hapter 1 , th e  c a lc u la t io n s  p o s i t iv e ly  showed th a t  th e  SL75-20 
M edical L in ea r A c c e le ra to r , o p e ra tin g  in  th e  16 MeV Xray mode, cou ld  
no t comply w ith  th e  t e n ta t iv e  IEC recommended ac ce p ta b le  n eu tro n
4 7
co n tam in a tio n  le v e l
T h is le v e l  o f  0*01$ absorbed neu tro n  dose o u ts id e  th e  main beam, 
d id  n o t appear a c h ie v a b le , and as  th e  m a jo r i t3'‘ o f  m edical l in e a r  
a c c e le r a to r s  m anufactured by o th e r  firm s o p e ra te  on th e  same g en e ra l 
p r in c ip le s ,  i t  i s  re a so n ab le  to  assume th a t  no machine u s in g  a normal 
Xray t a r g e t ,  p rim ary  c o llim a to r  and f i e ld  f l a t t e n in g  f i l t e r ,  would be 
a b le  to  ach ieve  t h i s  s ta n d a rd .
The i n i t i a l  measurements c a r r ie d  o u t a t  h o s p i ta ls  housing  th e  f i r s t  
a c c e le r a to r s ,  no t on ly  in d ic a te d  a r e l a t i v e l y  high n e u tro n  y ie ld ,  b u t 
a lso  dem onstrated  th e  c o n s id e ra b le  hazard  to  's t a f f .  T h is  e f f e c t  had 
n o t been e x te n s iv e ly  in v e s t ig a te d  by MEL and th e  d esig n  o f  th e  t r e a t ­
ment rooms rem ained b a s ic a l ly  unchanged from th e  model based  on th e  
low er energy m achines. The measurements c a r r ie d  ou t i n  th e  MEL
fa c to ry ,  showed th a t  th e  DE r a t e s  o u ts id e  th e  b io lo g ic a l  s h ie ld ,  co n -
3 2
travened  th e  F a c to r ie s  Act f o r  an ‘ad eq u a te ly  sh ie lded*  compound, by 
a t  l e a s t  a f a c to r  o f  20.
F u r th e r  v e r i f ic a t io n ,  o f  th e  h igh  n eu tro n  y ie ld  was e v id e n t from:
/ th e  gamma dose r a t e  a r i s in g  from th e  induced a c t i v i t y  o f  th e  tre a tm e n t 
head . A DE o f  2 mremhr ^ was measured a t  1 m. from th e  o u te r  c a s in g , 
fo llo w in g  a 30 m inute t e s t  run  a t  16 MeV and o p e ra tin g  a t  a normal 
tre a tm e n t in t e n s i t y .  Hedge f i l t e r s  in s e r te d  in to  th e  wedge f i l t e r  
f a c i l i t y  q u ick ly  became a c t iv e ,  producing  n ea r su rfa c e  exposure dose 
r a t e s  o f  200 mRhr"~^, in d ic a t in g  a f u r th e r  p o te n t ia l  h aza rd  to  th e  
m edical s t a f f .
The mounting evidence o f  h igh  neu tro n  y ie ld  and th e  obvious h azard  
to  th e  m anufacturing  and m edical s t a f f ,  le d  MEL to  i n s t i t u t e  changes
i n  th e  d e s ig n  o f  th e  tre a tm e n t rooms. A lthough a  c o n s id e ra b le  
amount o f  a c c e le r a to r  s h ie ld in g  d a ta  was a v a i la b le ,  i t  had been 
alm ost e n t i r e ly  produced from in v e s t ig a t io n s  c a r r ie d  o u t on machines 
a t  I n te r n a t io n a l  h ig h  energy p h y s ic s  l a b o r a to r ie s .  C onsequently , 
th e  b u lk  o f  th e  in fo rm a tio n  and d a ta  was a p p lic a b le  .to p ro to n  a c c e le r ­
a to r s ,  o p e r a t in g - in  th e  m u ltip le  GeV re g io n  o f  energy, in c o rp o ra t in g  
h ig h ly  s p e c ia l is e d  t a r g e t  system s.
An e x ten s iv e  l i s t  o f  p u b lic a t io n s  were a ls o  a v a i la b le  from exper­
im en ta l l a b o r a to r ie s  housing -h igh  energy e le c tro n  a c c e le r a to r s  i n  th e  
GeV re g io n , and a number o f  in v e s t ig a t io n s  had been c a r r ie d  o u t on 
14 MeV n eu tro n  g e n e ra to rs , and w hile  th e se  y ie ld e d  v a lu a b le  g u id e l in e s ,  
none o f  th e  in fo rm a tio n  could  be d i r e c t ly  a p p lie d  to  th e  SL75—20 
M edical L in ea r A c c e le ra to r .
N eutron production , d a ta  o b ta in ed  from experim ents on m edical a c c e l­
e r a to r s ,  was l im ite d  to  b e ta tro n  m achines, and a lthough  th e se  d ev ices  
produce h igh  e n e rg ie s , th e  beam o u tp u t i s  low . Very l i t t l e  n eu tro n  
in fo rm a tio n  e x is te d  re g a rd in g  m edical e le c tro n  l in e a r  a c c e le r a to r s  
o p e ra tin g  around th e  g ia n t  resonance  re g io n , in c o rp o ra t in g  h ig h  beam 
c u r re n ts  and h igh  Z th ic k  t a r g e t s .
T h is la c k  o f  d i r e c t ly  a p p lic a b le  d a ta  d id  n o t a llow  even approx­
im ate  c a lc u la t io n s  o f  th e  n eu tro n  s tream ing  e f f e c t  i n  th e  wide lab y ­
r in th s  common to  ra d io  th erap y  i n s t a l l a t i o n s .  C onsequently , th e  
re v is e d  d esig n s  in c o rp o ra te d , e i th e r  v e ry  lo n g  s t r a i g h t  e n tra n c e  
p assag es , ex te n s iv e  space consuming la b y r in th s ,  o r  v e ry  th ic k  p a r a f f in  
wax d o o rs .
6.* 2 . THE ACTIVATION DETECTOR SET
The p u lsed  mixed r a d ia t io n  f i e l d  c re a te d  by th e  SL75-20 A cce le r­
a to r ,  s e v e re ly  l im ite d  th e  d e te c to r  c h o ic e . A c tiv a tio n  d e te c to r s  
were o b v io u sly  th e  o n ly -v ia b le  method and had been w idely  used a t  h ig h  
energy la b o r a to r ie s ,  where th e  energy range n o rm ally  covered  from 
0.01 eV to  te n s  o f  GeV. This wide range o f  o p e ra tio n a l  energy  p e r ­
m itted  th e  use o f  a re a so n a b le  number o f  th re sh o ld  d e te c to r s ,  which, 
when in c o rp o ra te d  w ith  an a p p ro p ria te  n eu tro n  spectrum  u n fo ld in g '
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com puter programme, f o r  example, as  th a t  o f  H argreaves and S tevenson, 
( 1968) ,  allow ed an a c c u ra te  assessm ent o f  th e  neu tro n  energy  d i s t r i b ­
ution!#
With th e  SL75-20 machine o p e ra tin g  a t  a maximum energy o f  20 MeV, 
th e  number o f  p o s s ib le  th re sh o ld  d e te c to rs  was l im ite d  to  fo u r ,  w ith  
on ly  one having  a th re sh o ld  c lo s e  to  th e  s t a r t  o f  th e  f a s t  n eu tro n  
region#
F o r tu n a te ly ,  th e re  was v e ry  l i t t l e  m oderating  m a te r ia l  i n  th e  
tre a tm e n t head , so th e  number o f  therm al n eu tro n s  p roduced , would be 
m inim al. This a lso  im p lied  t h a t  th e  in te rm e d ia te  n eu tro n s  would be 
s im i la r ly 'l im ite d #  The r e s u l t s  from th e  therm al n eu tro n  d e te c to r  
v e r i f i e d  t h i s ,  and a t  th e  o th e r  end o f  th e  spectrum , th e  r e s u l t s  from 
th e  aluminium d e te c to r  v e r i f i e d  th e  minimal h igh  energy component.
With th e  -knowledge t h a t  th e  m a jo r ity  o f  th e  n eu tro n s  were i n  th e  f a s t  
n eu tro n  re g io n , to g e th e r  w ith  th e  known s p e c t r a l  d i s t r i b u t i o n  o f  
n eu tro n s  produced from Vn r e a c t io n s ,  i t .  was p o s s ib le  to  u se  a sim ple 
r a t i o  maxim# T his was ach ieved  by u s in g  th e  novel method o f  com paring 
th e  t o t a l  neu tron  f lu x  d e n s ity ,  measured w ith  th e  m oderated indium  
d e te c to r ,  w ith  th e  n eu tro n  f lu x  d e n s ity  above 3 MeV m easured w ith  th e  
phosphorus d e te c to r ,  which produced a spectrum  h ard n ess  r a t i c  f ig u r e .
6 .3 . A PRACTICAL METHOD FOR NEUTRON CONTAMINATION: ASSESSMENT
At. th e  tim e o f  w r i t in g , no ex te n s iv e  programme o f  m easurem ents had
been undertaken  to  measure th e  n eu tro n  co n tam in a tio n  on th e  su bsequen t
SL75-20 machines i n s t a l l e d  i n  v a r io u s  h o s p i ta l s  th roughou t th e  world#
T his perhaps because o f  te c h n ic a l  d i f f i c u l t i e s  and c o s ts  in v o lv ed  i n
4 7  :
making th e  measurements# The IEC l a i d  down th e  l im i t s  f o r  contam in­
a t io n ,  b u t d id  n o t su g g est a d e ta i le d  method o f  measurement t h a t  was 
r e a d i ly  u sa b le , and c le a r ly ,  an a c c e p ta b le  m ethod-is r e q u ire d  i f  th e  
maximum le v e ls  a re  to  be a m eaningful co n cep t. This req u irem en t i s  
e a s i ly  f u l f i l l e d  w ith  th e  m oderated indium  f o i l  method#
The d e te c to r  c o n s is ts  o f  a m oderator i n  th e  form o f  a p a r a f f in  wax 
sp h ere , 7 i n .  i n  diam eter# A 1 in# d iam eter h o le  d r i l l e d  th rough  a 
ra d iu s  to  th e  geom etric  c e n tre  and f i l l e d  w ith  a wax plug-, a llo w s a
400 mg. indium  d is c ,  1 in* d iam e te r, to  be p o s itio n e d  a t  th e  c o re . 
The sp h ere  i s  p laced  i n  a therm al neutron; sc re en  canr made o f  1 mm. 
o f  cadmium.
The d e te c to r  i s  p laced  a t  a s u i ta b le  p o s i t io n  a d ja c e n t to  th e  
tre a tm e n t head and th e  a c c e le r a to r  i s  o p e ra te d  a t  a known beam c u r re n t  
for- a s e t  tim e . The d is c  i s  removed from th e  sphere and counted , 
u s in g  an end window g e ig e r ,  a n o te  being ' ta k en  o f  th e  decay tim e . The
f lu x  d e n s ity  can be c a lc u la te d  from • • • • • •
0  =  60
K
Where C a Counts observed  o
e~At2 2 - 1  £ 0   ncm s . . . . . .  Eq. 6 :.2 .1 .
—1A -  The decay c o n s ta n t f o r ’ th e  indium  r e a c t io n  (0 .0127  min )
t  « Dead tim e o f  th e  in s tru m e n t (100 se c . f o r  th e  m in im on ito r
5 10E)
/  -1  \t.. » I r r a d i a t i o n  tim e (m in  )
—1t -  = Decay tim e (m in )
—1  a*2 " •Iand K a The c a l i b r a t io n  f a c to r  (3*2 cpm n cm s f o r  th e  m in i—
m onitor 5 10E)
F or th e  g r e a te s t  accu racy , 10 counts shou ld  be tak en  a t  5 min. 
in t e r v a l s  and th e  dead-tim e c o r re c te d  r e s u l t s ,  p lo t te d  on a  l o g - l i n  
s c a le .  A* b e s t  f i t  can be a p p lie d  to  th e  d a ta  e n su rin g  th a t  th e  r e ­
s u l t in g  s t r a ig h t  l i n e  fo llo w s e x a c t ly  th e  r e a c t io n  decay tim e . 
E x tra p o la tin g  to  zero  tim e g iv e s  th e  c o u n t a t  zero  tim e . The dead 
tim e should  be checked u s in g  th e  two source  method, and K can be 
o b ta in ed  by c a l ib r a t io n  a g a in s t  a known n eu tro n  f lu x  from AmBe, PuBe 
o r  PoBe n eu tro n  so u rc e .
6 .4 .  THE NEUTRON SPECTRUM IN THE: MAIN BEAM
U sing th e  th re sh o ld  d e te c to r1, d if fe re n c e  method, th e  r e s u l t s  
showed th a t  alm ost 94$ o f  th e  n eu tro n s  were between 1 eV and 3 MeV, 
and o f  th e  rem ain ing  6$, alm ost 5$ were betw een 3 MeV and 7 MeV.
I t  was shown i n  C hapter 3, t h a t  th e  n eu tro n  s p e c tra  arising*  from
235Fn r e a c t io n s  have a s im ila r  energy range and shape to  th e  U f i s s i o n  
spectrum , th e  main d if f e re n c e  o c c u rr in g  i n  th e  h igh  energy t a i l .
The n eu tro n  s p e c tra  a r i s in g  from Fn r e a c t io n s  fo r  th e  6, t a r g e t  
m a te r ia ls ,  shown i n  Fig-* 3*12*1#, v a ry  c o n s id e ra b ly  i n  th e  high, energy 
t a i l  r e g io n , and i t  i s  t h i s  h ig h  energy component t h a t  cou ld  dom inate 
when considering - n e u tro n  e f f e c t s ,  f o r  example, i n  re g a rd  to  s h ie ld in g  
req u irem en ts  o r  b io lo g ic a l  damage#
The r e s u l t s  from th e  phosphorus and aluminium th re sh o ld  d e te c to r s  
showed th a t  th e  spectrum  from th e  SL75-20 a c c e le r a to r ,  d id  n o t have an 
e x te n s iv e  h igh  energy t a i l  -  an im p o rtan t f in d in g  -  as  th e  d i f f e re n c e  
between a mean e f f e c t iv e  energy o f  0#5 MeV and 2 MeV,. iwould make a 
d if f e re n c e  o f  over 30% i n  c a lc u la t in g  th e  dose eq u iv a len t#
T his e f f e c t  can be dem onstrated  by c a lc u la t in g  th e  mean e f f e c t iv e  
energy fo r  each n eu tro n  spectrum ', shown i n  Fig# 3#12#1# Again, th e  
average f lu x  d e n s ity  i n  each MeV in te r v a l  i s  d iv id ed  by th e  average  DE 
co n v e rs io n  f a c to r  f o r  th e  same energy in te rv a l#  The r e s u l t i n g  DE i n  
each energy  i n t e r v a l ,  i s  summed and d iv id ed  by th e  sum o f  th e  f lu x  
d e n s it ie s #  The r e s u l t s  a re  shown i n  Table 6.#4#1#
I t  can be seen th a t  th e  DE co n v e rs io n  f a c to r  v a r ie s  betw een 11% 
and 12%, and a l l  th e se  s p e c tra  have h igh  energy  t a i l s #  A lthough th e  
e r ro r s  on th e  aluminium d e te c to r  a re  s u b s ta n t ia l ,  th e  r e s u l t s  from th e  
aluminium and phosphorus d e te c to r s  su g g est th a t  th e  SL75-20 a c c e le r a to r  
does n o t produce a n eu tro n  spectrum  w ith  an e x te n s iv e  h ig h  energy  t a i l .
U t i l i s in g  a number o f  model s p e c tra  having: a h igh  energy  f a l l  o f f - 
235s im ila r  to  th a t  o f  a U f i s s i o n  spectrum , i t  was shown th a t  th e  
m oderated indium fo il~ p h o sp h o ru s  r a t i o  gave a  mean e f f e c t iv e  energy  
o f  0*93 MeV# Using t h i s  method to  e v a lu a te  th e  mean e f f e c t iv e  energy  
o f  th e  Fn s p e c tra ,  g iven  i n  Fig# 3#12#1., i t :  can be seen  t h a t  th e  
r e s u l t  i s  c o n s is te n t ly  low er b y  an average o f  7f*2%# I t  th e r e fo r e  
appears rea so n ab le  to  round o f f  th e  0#93 MeV f ig u re  to  1 MeV#
The main n eu tro n  p ro d u c tio n  ta r g e t  m a te r ia ls  i n  th e  SL75—20 
a c c e le r a to r ,  a re  th e  Ta i n  th e  photon t a r g e t ,  th e  W i n  th e  f l a t t e n i n g
TABLE 6 .4 .1 .
THE MEAN EFFECTIVE ENERGIES OF' A NUMBER OW Vn NEUTRON SPECTRA
T a rg e t
m a te r ia l
^0.2M eV 
0  •
•=*3MeV
1
. C a lcu la ted
MEE
MeV
DE. Conversion 
F ap to r
’ 2 -1  . ncm s to  ,
g iv e  mremhr
MEE o b ta in ed  
from f i s s i o n  
model
MeV
Au 7*62 1 .2 9 .2 1 .1
Cr 4 .13 1-5 8.75 1.39
Ta 5 .9 1 .3 9 .0 1.19
Rh 4.42 1 .4 8 .8 1 .34
Ca 3 .2 1 .7 8 .5 1 .58
A1 2*4 2 .0 8 .2 1 .9
f i l t e r ,  and th e  ¥ i n  th e  p rim ary  c o ll im a to r  ’heavy m etal* a llo y *
The atomic- number Z, and th e  atom ic weight: A o f  Ta and ¥ , a re  
s im i la r ,  th e r e fo re ,  th e  neu tro n  spectrum  o f  th e  SL75-20 machine shou ld  
fo llo w  th e  g en e ra l shape f o r  th e  Ta spectrum , shown i n  Fig* 3*12*1* 
From T able 6*4*1*, i t  can be seen  th a t  th e  c a lc u la te d  MEE f o r  th e  Ta 
spectrum  i s  1*3 MeV* This v a lu e  i s  o u ts id e  th e  p ro b ab le  combined 
e r ro r s  o f  th e  indium -phosphorus d e te c to r  r a t i o  system , c a lc u la te d  a t  
13*2$, by about 17$* This i s  p o ss ib ly -d u e  to  a p e rce n ta g e  o f  th e  
n eu tro n s  a r r iv in g  a t  th e  p o in t o f  m easurem ent, having  undergone a 
s u f f i c i e n t  number o f  c o l l i s io n s  w ith  th e  m a te r ia ls  i n  th e  tre a tm e n t 
head , to  s u f f e r  a c e r t a in  amount o f  energy degradation*
&*5* THE TOTAL BODY DOSE TO THE PATIENT
I t  was shown i n  Chapter 3? th a t  th e  DE th e  p a t ie n t  would be 
su b je c te d  to ,  from neu trons produced i n  th e  tre a tm e n t head , would be 
exp ressed  as a p e rcen tag e  o f th e  main beam gamma dose, a s  0 . 486^  i n  
th e  main beam, and 0*291^ o u ts id e  th e  beam.
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M oderated indium  m easurem ents, taken  im m ediately  beh ind  th e  w ater 
phantom, in d ic a te d  a sm all n eu tro n  p ro d u c tio n  y ie ld  due to  th e  main 
photon  beam in te r a c t in g 1 w ith  th e  w a te r, and th e  p l a s t i c  and m etal o f  
th e  w a te r ta n k . I t  would th e re fo re  in d ic a te  a p o s s ib le  n eu tro n  dose 
to  th e  p a t i e n t ,  a r i s in g  from Vn r e a c t io n s  w ith in  th e  p a t ie n t* s  own 
body. A f u r th e r  dose would a lso  be produced by th e  main beam i n t e r ­
a c t in g  w ith  th e  p a t i e n t  su p p o rt system .
From * s tan d a rd  man* d a ta ,  th e  tru n k  can be co n s id e red  as  c o n s is t ­
in g  m ainly  o f  60%> w a te r and lQ% carbon . The Yn  t a r g e t  m a te r ia l ,  
th e r e fo r e ,  would be m ainly oxygen and carbon . The p h o to -n e u tro n
lO IT
th re sh o ld  f o r  th e  C(p,n) C r e a c t io n  i s  18.7/ MeV, so th e re  would be 
no n e u tro n  p ro d u c tio n  from th i s  p o s s ib le  so u rce . The p h o to -n e u tro n  
th re sh o ld  f o r  th e  ^0 (}^n )-^0  r e a c t io n  i s  15 *6 MeV, and th e r e fo r e ,  
could  produce a sm all n eu tro n  y ie ld  w ith  a  16 MeV photon beam.
In  F ig .  1 .1 .2 . ,  th e  p ro d u c tio n  c ro ss  s e c t io n  f o r - m a te r ia l s  w ith  
low atom ic mass numbers, i s  o b v io u sly  q u i te  sm a ll. F u r th e r ,  th e  
n eu tro n  y ie ld  p e r mol, g iven  i n  F ig . 1 .1 .5 * , would be a t  th e  minimum 
o f  th e  curve fo r  m a te r ia ls  w ith  low Z numbers, and would be o f  th e  
o rd e r  o f  10^ nmol~*'4l
C onsidering ’ th e  tru n k  as a w ater e q u iv a le n t t a r g e t  i n  a  main
photon beam a t  maximum f i e ld  s iz e ,  i t  can be shown th a t  th e  m o lecu lar
7 -1w e ig h t would be 470 mol, which would produce a  y ie ld  o f  10 ns , which 
g iv es  a  DE to  th e  p a r t s  o f  th e  body o u ts id e  th e  tre a tm e n t f i e l d ,  o f  
l e s s  th an  0 .01  rem miri"^.
The p a t i e n t  su p p o rt system  could  a lso  be an e f f e c t iv e  n eu tro n
p ro d u c tio n  p o in t and would r e q u ire  an e x te n s iv e  i n v e s t i g a t io n  to
ach ieve an a c c u ra te  assessm en t. However, i t  i s  p o s s ib le  to  c o n s id e r
th e  main beam a t  maximum f i e l d  -size  i n t e r a c t in g  w ith  th e  m etal body
su p p o rt s t r u t  o n ly . The .amount o f  i ro n  i n  th e  b a r can be a s se s se d
as 1 ,000  g„ producing  a m olecu lar weight: o f ‘ 17*85 mol. From F ig .
6 r | *|
1.1^5* r  a n eu tro n  y ie ld  o f  10 nmol k i s  g iv en  f o r  a Z o f  26 .
7 —1This would produce a n eu tro n  y ie ld  o f  2 .96  x 10 ns • The s tru t ;
i s  o n ly  a few c e n tim e tre s  away from th e  body, so th e  DE would be o f
—1th e  o rd er, o f  0.054  rem min , assum ing a l i n e  source o f  c o n f ig u ra t io n .
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The t o t a l  whole "body DE; to  th e  p a t ie n t  i s  g iven  by
DE. . = BE + DE.. + DE . +  DE , t o t  n h l h i  hb n t
Where DE^ -j = F eu tro n  head leak ag e
D E ^ = V head leak ag e  •
= F eu tro n s  produced by  ^ th e  body 
DE . ■« F eu tro n s  from th e  ta b le
-1
DE. , « 0 .291 + 0 .1  + 0 .01  + O.O54 -  0 *-455 * em roi®
t o t
I t  can be seen th a t  th e  dose to  th e  p a t ie n t  i s  0.455 min ^ o r  0 .4 55%*
Very l i t t l e  can be done re g a rd in g  r e d u c tio n  o f  o r
D E^ cou ld  be reduced to  l e s s  th an  0.002 by u s in g  alum inium , and 
D E ^ i cou ld  be s u b s ta n t ia l ly  reduced  by th e  use  o f  a  r e l a t i v e l y  sm all 
amount o f  p o ly th e n e . In  t h i s  c a se , th e  p r a c t i c a l  n eu tro n  energy  f o r  
c a lc u la t in g - th e  th ic k n e ss  r e q u ire d , would be th e  average energy  o f  a 
s o f t  f i s s io n  spectrum  having  a spectrum, h a rd n ess  r a t i o  o f  20. T h is  
produces an energy o f  1 MeV, which g iv es  a TVT o f  8 .7  cm. f o r  p o ly th e n e .
There a re  no w idely  accep ted  m edical s ta n d a rd s  t h a t  s p e c ify  th e
amount o f  leakage  r a d ia t io n  which would be a c c e o ta b le  o u ts id e  th e
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s h ie ld .  P a rn e ll  and K elsey , i n  1976, produced a u s e fu l  p o s s ib le  gu ide
by ta k in g  an e s tim a ted  in c id e n c e  o f  r a d ia t io n  induced  m alig n an c ies
to  p a t i e n t s  re c e iv in g  f a s t  n eu tro n  th e ra p y . I t  was assumed th a t  a
ty p ic a l  tre a tm e n t c o n s is te d  o f  12 f r a c t io n s ,  each f r a c t i o n  c o n s is t in g
o f  two tre a tm e n t f i e l d s ,  and each f i e l d  r e c e iv in g  1 ,000 r a d s .  U sing
45
th e  d a ta  from ICEP, P u b l i c a t i o n s ,  1966, and from th e  su rv iv o rs  o f  th e
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atom ic bombing o f  H iroshim a and N agasaki, P a rn e l l  and K elsey  showed 
th a t  assum ing th e  tre a tm e n t was c u ra t iv e ,  w ith - th e  p a t i e n t  s u rv iv in g  
15 y e a r s ,  th e  h ig h e s t  e s tim a ted  in c id e n c e  o f  induced m alig n an c ies  
would be 1 .4 4f° for- n eu tro n s  w ith  an EBE o f  16.
The d a ta ' from ICEP gave -the in c id e n ce  o f  leukem ia, a s  betw een 1- and
2 p e r m il l io n  perso n s p e r  y ea r p e r  ra d , and th e  d a ta  su n p lie d  by 
48 . . ' ‘
Ish im aru  e t  a l  (1971) 9 gave a f ig u re  o f  1 .5  and 1 .8  p e r  m il l io n  p e rso n s
p e r  y e a r  p e r rem. Both s e ts  o f  d a ta  were averaged over a 15 y ea r
p e rio d  fo llo w in g  exposure . P a rn e ll  su g g ests  a f ig u re  o f  3 c a se s  p e r
m ill io n  p e rso n s  p e r  y e a r  p e r  rem fo r  a l l  m a lig n an c ie s . ‘He concluded 
th a t  a t o t a l  body dose (rem) n o t exceeding 1$ o f  th e  in c id e n t  t r e a t ­
ment dose would be an a c c e p ta b le  le v e l  on th e  b a s is  o f  leukem ia and 
carcinom a in d u c tio n .
15Brennen, in  1968, suggested  th a t  th e  whole body dose should  n o t 
exceed 1 $  o f  th e  maximum dose d e liv e re d  i n  th e  beam, b u t added th a t  
0 .1  $  would be more " 'd e s ira b le .
I t  i s  seen  from th e  fo reg o in g  th a t  w h ile  th e  SL75-20 A c c e le ra to r  
can n o t ach iev e  th e  0 .1 $  l e v e l ,  a s  th e  gamma leakage a lo n e  i s  t h i s  
v a lu e , i t  can c e r ta in ly  ach iev e  th e  1$ l i m i t ,  and a  r e l a t i v e l y  sm all 
amount o f  po ly thene  would reduce t h i s  f ig u re  to  0 .2 $ .
The f in d in g s  o f  t h i s  t h e s i s ,  re g a rd in g  th e  n eu tro n  m easurem ents 
in s id e  th e  tre a tm e n t room, were se n t to  th e  IEC Sub Committee 620 
F orking  Group v ia  th e  B r i t i s h  S tandards I n s t i t u t e .  The im p o s s ib i l i ty  
o f  a c h ie v in g  th e  recommended le v e l  o f  0 .01$  ( ra d )  co n tam in a tio n  o u ts id e  
th e  beam, was e s ta b lis h e d  by th e  au th o r* s  work, and by u n pub lished  meas­
urem ents c a r r ie d  o u t by V arian  L td . ,  on t h e i r  20 MeV l i n e a r  a c c e le r a to r .  
The a u th o r re c e iv e d  a r e p ly  from th e  Sub Committee, s t a t i n g  th a t  th e  
p e rm is s ib le  le v e l  had been in c re a se d  to  0 .0 5 $ . Using th e  maximum QF 
o f  10, t h i s  would im ply a rem co n tam ination  o f  0 .5 $ , which i s  approx­
im a te ly  th e  amount o f  co n tam ination  produced by the  SL75~20 m achine, 
and i s  w ell w ith in  th e  suggested  maximum o f  1$.
6 .6 .  THE TOTAL NEUTR0F-GAMMA DE RATE IF  THE LABYRINTH
Hie in s tru m e n ts  u sed , no t on ly  gave a rea so n ab ly  a c c u ra te  DE i n  
th e  la b y r in th ,  b u t a lso  produced in fo rm a tio n  on th e  n eu tro n  energy 
spectrum .
From Table 4*7*1*, i t  can be seen  th a t  a t  th e  i n i t i a l  bend o f  
th e  la b y r in th ,  th e  f a s t  neu tron  c o n tr ib u tio n  i s  ju s t  o v er 5Of0 o f  th e  
t o t a l  n eu tro n  DE, b u t drops r a p id ly  a f t e r  th e  f i r s t  90° bend.
The in te rm e d ia te  n eu tro n  DE i s  r e l a t i v e l y  sm all a t  th e  bend, b u t 
in c re a s e s  by a f a c to r .o f  2 .8 , im m ediately  a f t e r  th e  bend . At a
d is ta n c e  o f  on ly  a  few m etres down th e  la b y r in th ,  90% o f  th e  n eu tro n  
DE i s  due to  slow and in te rm e d ia te  n e u tro n s . The r e l a t i v e  n eu tro n  
DE, c o n tr ib u tio n  i s  shown i n  P ig . 6.6;. 1 .
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F ig . 6 .6 .1 .  The r e l a t i v e  n eu tro n  DE c o n tr ib u tio n , from; f a s t ,  slow  and 
slow p lu s  in te rm e d ia te  n eu tro n  a long  a s h o r t  la b y r in th  w ith  a 90°  bend
a t  each end
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C e n tre - l in e  d is ta n c e  la b y r in th  mouth (m e tre s )
Fig# 6.6#2# A t o t a l  n eu tro n  DE com parison between a lo n g  s t r a ig h t  
s e c t io n ,  fo llow ed  by th re e  r i g h t  angled  bends (A.) and a s h o r t  s t r a i g h t  
s e c t io n  w ith  a r i g h t  ang led  bend a t  each end
An i n t e r e s t i n g  p o in t  o f  com parison i s  th e  tra n sm iss io n  f a c to r  o f  
th e  t o t a l  n eu tro n  DE i n  a s h o r t  s t r a ig h t  s e c tio n e d  la b y r in th  w ith  a 
90° bend a t  each end, and a lo n g  s t r a ig h t  s e c t io n ,  from a su rvey  by 
Coleman in  1975* w ith  th re e  r i g h t  angled bends a t  th e  e x i t  end, as  
shown i n  Fig# 6,6#2# Ig n o rin g  th e  d if f e re n c e  i n  th e  c ro s s  s e c t io n a l  
a re a  o f  th e  passage-w ays between th e  two d es ig n s  (a  f a c to r  o f  4)* i t  
can be seen  th a t  la b y r in th  A r e q u ire s  a c e n tre  l in e  d is ta n c e  j u s t  over 
60% lo n g e r  th an  la b y r in th  B to  ach iev e  a tra n sm iss io n  f a c to r  o f  10*"^, 
and a t  8 m etres , i# e :  a t  th e  end o f  la b y r in th  B, th e  tra n sm iss io n : 
f a c to r  i s  a f a c to r  o f  30 d iffe re n c e #  T his im p lie s  t h a t  f o r  a g iv en  
reduction- i n  DE r a t e ,  a la b y r in th  designed  on th e  p r in c ip le s  o f  la b y ­
r in th  A, w i l l  tak e  up over 40% more f lo o r  a re a  than  a la b y r in th  de­
signed  on. th e  p r in c ip le s  o f  la b y r in th  B, g iv en  id e n t i c a l  p assag e—way 
dim ensions#
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G e n tre - l in e  d is ta n c e  from: la b y r in th  mouth (m e tre s )
Fig-. 6 .6 .3 .  The tra n sm iss io n  f a c to r s  f o r  . f a s t  n eu tro n  DE (B) and 
in te rm e d ia te  + slow n eu tro n  DE (A) a long  a la b y r in th  a f t e r  th e  f i r s t  bend
The d if fe re n c e  i n  tran sm iss io n ; f a c to r  between f a s t  and in te rm e d ia te  
+ slow neutron; DE, i s  shown i n  F ig .  6 .6 .3 .  I t  can be seen  th a t  th e  
in te rm e d ia te  + slow n eu tro n  DE ten d s  tow ards a much l e s s e r  a t te n u a t io n  
than  th e  f a s t  n eu tro n  DE.
A p o in t  o f  i n t e r e s t  i s  th e  k in k  o c c u rr in g  i n  th e  tra n sm iss io n  
f a c to r  o f  curve A i n  F ig . 6 .6 .2 .  The n eu tro n  m easurem ents d e p a r t 
from a s tea d y  a t te n u a t io n  law and fo llo w  a cu rve  upw ards, a s  th e  r a d ­
i a t i o n  i n t e r a c t s  w ith  th e  end o f  la b y r in th  s h ie ld 'w a l l ,  i n  a  s im i la r  
manner to  th e  d a ta  p re sen te d  i n  F ig . 3 .8 .1 .  . In  both  r e s u l t s  th e  
experim ental d a ta  d e p a r ts  from th e  expected v a lu e s  e x tra p o la te d  from 
th e  t o t a l  d a ta  a s  th e  neu trons approach a th ic k  s h ie ld  s la b .  I n  bo th  
cases  th e  excess v a lu e  i s  an in d ic a t io n  o f  th e  r e f le c te d  d o se .
I n  th e  case  o f  th e  r e s u l t s  shown i n  F ig . 3 « S .l . ,  i t  can be shown
n n r  *» /
th a t  i f  th e  measured f lu x  d e n s i t ie s  o b ta in ed  w ith  th e  mod. - In (n ,F )  In
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d e te c to r  a re  compared w ith  th e  f lu x  d e n s i t i e s  expected i n  th e  absence 
o f  th e  beam sto p  ( c a lc u la te d  from th e  in v e rs e  square la w ), th en  th e  
t o t a l  measured f lu x  d e n s ity  a t  100 cm* back from th e  in t e r f a c e ,  i s  th e  
sum o f  th e  expected f lu x  d e n s ity  and 33$ o f  t h i s  value*  P a r t  o f  t h i s  
a d d i t io n a l  dose would be due to  r e f le c te d  n e u tro n s , and p a r t  due to  
n eu tro n s  le a v in g  th e  s h ie ld  s u rfa c e  i n  th e  backward d i r e c t io n  a r i s in g  
from P,n r e a c t io n s  produced froim th e  main pho ton  beam i n t e r a c t in g  w ith  
th e  s h ie ld  m a te r ia l .  T h is i s  an in te r e s t in g ' f in d in g , c o n s id e rin g  th a t  
a t  l e a s t  one m anufac tu rer has designed  a h igh  energy m edical a c c e le r ­
a to r  w ith  a lo c a l  i r o n  beam s to p  co u n te rb a lan c in g  th e  tre a tm e n t head*
A p a t i e n t  p laced  a t  th e  i s o c e n tr e ,  between th e  head and such a  beam 
s to p  a s  i n  t h i s  arrangem ent, would be su b je c te d  to  an a d d i t io n a l  0 *16$ 
n eu tro n  co n tam in a tio n  w ith in  th e  tre a tm e n t beam, and t h i s  v a lu e  would 
n o t be s u b s ta n t ia l ly  d i f f e r e n t  o u ts id e  th e  beam*
T re a tin g  th e  d a ta  re p re se n te d  by curve A, i n  P ig .  6 .6> .2 ., i n  a 
s im ila r  manner, th e  t o t a l  f lu x  d e n s ity  measured a t  100 cm* back from 
th e  co n c re te  s h ie ld  would be th e  sum o f  th e  f lu x  d e n s ity  which would 
be i n  ev idence i n  th e  absence o f  th e  s h ie ld ,  p lu s  o f  t h i s  v a lu e .
The DE a t  t h i s  p o in t  i s  made up o f  r e f l e c te d  n eu tro n s  i n  th e  therm al 
o r  n ea r therm al energy re g io n . As th e  measurements were tak en  w ith  
on ly  one in s tru m e n t, th e  M l M onitor, and as  p a r t  o f  th e  in c id e n t  f lu x  
would c o n s is t  o f  a r e l a t i v e ly  h igh  p ro p o rtio n  o f  f a s t  n e u tro n s , due to  
th e  la c k  o f  th e  90$ bend, th e  re a d in g  could  be i n  e r ro r  o f  +20$.
(M l energy  resp o n se  Fig.- 4«3«1«)
The measured d a ta  g iven  i n  Table 4*7*1*, produces a  much l e s s e r  
r e f l e c te d  neu tron  DE. At 50 cm* back from th e  s u r fa c e ,  th e  r e f l e c t e d  * 
n eu tro n  DE i s  o n ly  30$ o f  th e  expected  DE. However, i n  t h i s  c a se , i t  
has been e s ta b lis h e d  th a t  th e  in c id e n t  f lu x  has on ly  10$ f a s t  component, 
due to  th e  i n i t i a l  90° bend, and th i s  p a r t  o f  th e  la b y r in th  d id  n o t 
have a ro o f ,  thereb y e  reducing- th e  s tream in g  e f f e c t .
The problem o f  n eu tro n  a t te n u a t io n  a lo n g  tu n n e ls  and d u c ts  i n  a 
b io lo g ic a l  s h ie ld ,  i s  o f  prim e im portance i n  th e  d es ig n  o f  a c c e le r a to r  
i n s t a l l a t i o n s .  The g eo m etrica l c o m p lex itie s  inv o lv ed  have n e c e s s i ta te d  
th e  developm ent o f  com putational methods which can be extended to  cover 
th e  problem s found in  high energy a c c e le r a to r s .  The most s u c c e s s fu l  
o f  these,- has been a com bination o f  a Monte C arlo te c h n iq u e , to g e th e r
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with m u ltip le  sc a tte r in g  m od ifica tion s, u sin g  the albedo method*
With t h i s  com bination , i t  i s  p o s s ib le  to  e s tim a te  f lu x  d e n s i t ie s  
through m u lti- le g g e d  la b y r in th s  over a t te n u a t io n  o f  f iv e  o rd e rs  o f 
m agnitude, to  an accu racy  w ith in  ~25 $*
The Monte C arlo tech n iq u e  c o n s is ts  o f  perfo rm ing  a th e o r e t ic a l  
experim ent w ith  a la rg e  number o f  in c id e n t  n e u tro n s , u t i l i s i n g  ta b le s  
o f  random numbers, to  in tro d u c e  th e  elem ent o f  p ro b a b ili ty *  The 
programme d ec id es  when a n eu tro n  s u f f e r s  a c o l l i s i o n ,  th e  d i r e c t io n  in  
which i t  i s  s c a t te r e d ,  and i t s  subsequent l i f e  h i s to r y ,  in c lu d in g  
w hether i t  r e c ro s s e s  th e  boundary o f  th e  medium b e fo re  i t  i s  absorbed*
A ll th e  r e le v a n t  c ro ss  s e c t io n s  a re  w ell known, and th e  c a lc u la t io n  
can be a d ju s te d  to  g iv e  each s te p  i n  th e  p ro c e ss  any c o r re c t io n  o r 
w eig h tin g  fa c to r*
The r e s u l t  i s  a reaso n ab ly  a c c u ra te  s e r i e s  o f  p a r t i c l e  l i f e  h i s t ­
o r ie s ,  and needs on ly  to  be extended to  a s u f f i c i e n t  number o f  in c id ­
e n ts ,  to  g ive  a s a t i s f a c to r y  s t a t i s t i c a l  ssmiple* T h is techn ique  h as  
been co n sid e rab ly , extended w ith  th e  advent of. th e  com puter, allow ing- a 
la rg e  number o f  in c id e n ts  to  be considered*
The Monte Carlo method i s  n o t e n t i r e ly  s u i ta b le  f o r  a t te n u a t io n  
c a lc u la t io n s  i n  th ic k  s h ie ld s ,  because th e  sam pling accu racy  depends 
on th e  number o f  p a r t i c l e s  which succeed i n  p a s s in g  th rough  th e  b a r r ie r*  
As th e  s h ie ld  becomes th ic k e r ,  th e  number o f  case  h i s t o r i e s  re q u ire d  
f o r  a re a so n a b le  accu racy , becomes u n accep tab ly  la rg e*  The method i s  
s u i ta b le ,  however, f o r  back s c a t te r in g  s tu d ie s ,  s in c e  th e  p r o b a b i l i ty  
o f  r e f l e c t i o n ,  p a r t i c u la r ly  f o r  n e u tro n s , i s  r e l a t i v e ly  high*
S tu d ie s  o f  f a s t  n eu tro n  a lbedos f o r  c o n c re te  were c a r r ie d  out: by
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M aerker and M uckenthaler (196,7 ) • Cross and In g  (1977) s tu d ie d  th e  
e f f e c t s  o f  m u ltip le  n eu tro n  s c a t te r in g  on. c o n c re te  s la b s ,  and c a lc u l ­
a ted  th e  r e s u l t in g  energy spectrum  o f  th e  r e f l e c te d  neu trons*  The 
s c a t te re d  neu tro n s were th en  assumed to  be in c id e n t  norm ally  011 to  a 
second co n c re te  su rface*  T his p ro cess  was re p e a te d  f o r  a t h i r d  s c a t t ­
ering* The r e s u l t s  showed th a t  a t  each s c a t te r in g  ( f o r  an in c id e n t  
f is s io n :  spectrum ) th e  f r a c t io n  o f  DE from in te rm e d ia te  energy n e u tro n s ,
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in c re a se d  by a f a c to r  o f  two, th e  v a lu e  a f t e r  th re e  s c a t te r in g s  beings 
24$* C ross concluded th a t  many r e f l e c t io n s  can, i n  p r in c ip le ,  
produce a h igh  p ro p o rtio n  o f  DE from in te rm e d ia te  neu trons#  Howevor, 
th e  in c re a s e  can o ccu r i f  on ly  r e f le c te d  n eu tro n s  can c o n tr ib u te  to  
th e  DE, th e  p re c is e  c o n d itio n  i n  a sh ie ld e d  la b y r in th  c o n fig u ra tio n #
7 6
S av in sk i e t  a l  (1971) u s in g  a PuBe sou rce  o f  known o u tp u t exposed 
i n  th re e  co n c re te  rooms o f  v a r io u s  d im ensions, measured th e  n eu tro n  
s c a t te r in g 'c o n t r ib u t io n  u s in g  th e  m u ltisn h e re  method, d e sc rib e d  by
14 x-B ram blet e t  a l ,  i n  19oO, I t  was shown th a t  even i n  r e l a t i v e l y  la r g e
c o n c re te  rooms (10  x 10 x 6 m.) th e  f lu x  o f  f a s t  and in te rm e d ia te  
n eu tro n s  s c a t te re d  back from th e  w a lls ,  was f a i r l y  h ig h , a t  approx­
im a te ly  30$ o f  th e  u n s c a tte re d  flux#
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U sing Monte C arlo  c a lc u la t io n s ,  M aerker and M uckenthaler c a r r ie d  
o u t a d e ta i le d  in v e s t ig a t io n  o f  n eu tro n  albedos# The s tu d y  covered 
in c id e n t  n eu tro n  e n e rg ie s  AEq over th e  MeV ran g es  0 .2  -  0#75?
0#75 — 1*5? 1 * 5 - 3 ,  3 -  4? 4 - 6  and 6; -  8 # The in c id e n t  p o la r  
an g les  0Q covered were 0° ,  45° ,  60° ,  75°  and 85°#
By in te g r a t in g  th e  r e f l e c te d  an g u la r dose albedo o v er bo th  th e  
su rfa c e  and s o l id  a n g le s , th e  t o t a l  dose a lbedo  was o b ta in e d  a s  a 
fu n c tio m  o f  AEq and cos 0Q# The r e s u l t s  showed th a t  s in g ly  s c a t te r e d  
n eu tro n s  c o n tr ib u te d  approx im ate ly  30$ o f  th e  r e f le c te d  dose a t  norm al 
in c id e n c e , to  more th an  60$ a t  g ra z in g  inc id en ce#  M aerker*s and 
M uckenthaler*s d a ta  may be a p p lie d  to  th e  SL75-20 ex p erim en ta l c o n f ig ­
u r a t io n ,  as  shown i n  Fig# 4*6#1#
The most a p p lic a b le  ang le  o f  in c id en ce  0q i s  taken  as  60° ( s e e  
Fig# 4*6*1* and F ig , 4*14*1*) The most a p p ro p ria te  AEq i s  tak en  a s  
th e  range  0#75 MeV to  1#5 MeV# The t o t a l  dose albedo d e f in e d  a s  
number r e f le c te d  i n  dose u n i ts  p e r  in c id e n t  p a r t i c l e  i n  dose u n i t s ,  
i s  g iv en  as 0,52 f o r  th e  MEL in s ta l l a t io n #
From Table 4*7*1*? th e  f a s t  n eu tro n  DE a t  p o s i t io n  1 i s  g iv en  as  
-13*59 mremhr , f o r  n eu tro n s  o f  energy g r e a te r  th an  0#1 MeV# The con­
t r ib u t io n  from n eu tro n s  p e n e tra t in g  th e  1 m etre th ic k  c o n c re te  la b y r in th
w all can be ig n o re d , because th e  tra n sm is s io n  f a c to r  f o r  1 MeV in c id e n t
-5  ' , 4 6n eu tro n s , i s  10 f o r  on ly  60 cm, o f  o rd in a ry  co n c re te  (ICRP 21) e The
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f a s t  n eu tro n s  re a c h in g 1 p o s i t io n  1 , a re  th e re fo re  s c a t te r e d  n eu tro n s  
from th e  s c a t te r in g  s u rfa c e  o f  th e  f i r s t  90° "bend#
At p o s itio n ; - 1 ,  th e  f a s t  n eu tro n  c o n tr ib u tio n  i s  g iv en  as  
—190 mremhr • T his v a lu e  would c o n s is t  o f  th e  d i r e c t  component p lu s
th e  r e f l e c te d  component. Assuming th a t  th e  r e f le c te d  DE: i s  50% o f
—1th e  t o t a l  DE, AE^ a t  t h i s  p o in t  would be 60 mremhr •
U sing th e  method, g iven  i n  F ig .  4*14«1*> o f  a s s e s s in g  th e  e f f e c t iv e  
s c a t te r in g  su rfa c e  a re a ,  and ta k in g  in to  co n s id e ra tio n ! th e  la b y r in th  
h e ig h t o f  2 m e tre s , th e  end w all s c a t te r in g  s u rfa c e  can be co n sid e red  
as a p la n e  source  o f  ra d iu s  105 cm*
The e f f e c t iv e  c e n tre  o f  t h i s  s c a t te r in g  s u rfa c e  would be h a l f  way 
betw een p o s i t io n  -1  and p o s i t io n  - 2 .  From th e  f a s t  n e u tro n  em ulsion  
r e s u l t s ,  g iven  in  Table 4*8*1*, a t  th e se  p o s i t io n s  a  r a t i o  i s  o b ta in ­
a b le  from which a v a lu e  o f  120 mremhr can be c a lc u la te d  f o r  th e
in c id e n t  n eu tro n s  AE •o
F or an albedo o f  O.52 , th e  f a s t  n eu tro n  DE a t  p o s i t io n  1 i s  
c a lc u la te d  as . •  • • • •
DE . = ga g - f r a a :  . lo g  ( I  + H s L )  = 3*1 mremhr"1
P° s  1 4 &e v 225
. . . . . .  E(J .. 6 * 6;. 1 •
and f o r  an albedo o f  0 ,6
m * 0 .6  x  1 2 0  .. 105 \  . - 1
% 0S 1 -    4 '  + 2 2 p?  = 3 *59 nremhr
. . . . . .  Eq . 6b, 6 .2 .
This i s  i n  v e ry  good agreem ent w ith  th e  measured r e s u l t ,  and i t  
would appear th a t  th e  h ig h e s t a lb ed o , i . e :  t h a t  fo r  g r a z in g  in c id e n t ,  
i s  th e  most a p p lic a b le .
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In  o rd e r  to  check th e  albedo o f  p u re ly  therm al n e u tro n s , an 
experim ent was c a r r ie d  ou t a t  th e  Royal Naval C ollege la b o r a to r ie s ,  
Greenwich, u s in g  a 1 Ci AmBe sou rce  p laced  i n  a la rg e  p a r a f f in  wax 
m oderator*
The therm al f lu x  d e n s ity  was measured w ith  a BF^ ( b o r o n t r i f lo u r id e )  
chamber and th e  gamma ra d ia t io n ;  was measured w ith  a  M inim onitor end 
window g e ig e r  c o u n te r , Type 5- 10E*
Al co llim a te d  therm al n eu tro n  beam was allow ed to  im pinge on to  a 
30 cm* x 20 cm* x 15 cm* th ic k  co n c re te  b lo ck  p laced  a t  v a r io u s  a n g le s  
to  th e  beam* Measurements were taken  w ith  and w ith o u t th e  c o n c re te  
b lock  i n  p o s itio n *
The r e s u l t s  produced a g e n e ra l therm al n eu tro n  albedo  o f  0*5*
Due to  th e  r e l a t i v e l y  h igh gamma background and low therm al n eu tro n  
f lu x  d e n s ity ,  i t  was n o t p o s s ib le  to  measure a c c u ra te ly  th e  gamma dose 
due to  therm al n eu tro n  a b so rp tio n , b u t th e  12$ in c re a s e  i n  gamma dose 
w ith  th e  b lock  i n  p o s i t io n ,  was co n s id e rab ly  more th an  would be expected  
from F s c a tte r in g *
The p redom ina te ly  gamma em ission; u s u a lly  a s so c ia te d  w ith  241Am
i s  o f  0.06, MeV, but: o th e r  e n e rg ie s  a lso  o c c u r . I t  was th e r e fo re
n ecessa ry  to  p lo t  an aluminium ab so rp tio n , cu rv e . T h is y ie ld e d  a. mass
—2 —1a b so rp tio n  c o e f f ic ie n t  o f  0*147 cm gm , which co rresponds to  an 
energy o f  0.06 MeV* The s c a t te r in g  c o -o rd in a te  fo r  c o n c re te  a t  t h i s  
low energy , w il l  be a t  a minimum, and i s  g iv en  a s  0 .005$ i*1 BS 4094?1 
P a r t  2 (1971), which g iv es  a  maximum p o s s ib le  back s c a t te r e d  dose o f  
3$ under th e  experim en ta l co n d itio n s  concerned .
The end window g e ig e r  was so arranged  th a t  e le c tro n s  produced i n  
th e  c o n c re te , v ia  th e  photo e l e c t r i c  e f f e c t ,  cou ld  n o t be d e te c te d ,  
on ly  secondary  Xrays and F rays could  reach  th e  d e te c to r .
A llowing fo r  th e  maximum p o s s ib le  back s c a t t e r  o f  gamma r a y s ,  th e  
r e s u l t s  would im ply th a t  th e  a d d it io n a l  9% in c re a s e  o b se rv ed , was pro-* 
duced by neu tro n  in te r a c t io n s .  Using th e  c a l ib r a t io n  f ig u r e s  g iv en  
by th e  m anufac tu rers  o f  bo th  th e  neu tron  d e te c to r  and th e  gamma d e te c to r ,  
i t  would suggest th a t  f o r  every  mremhr 1 o f  therm al n eu tro n s  absorbed  
in i th e  b lo ck , between 0.25 and 0*5 mremhr"’1 o f  F rays were em itted  back
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from th e concrete su rfa ce .
T his  r e l a t i v e ly  h igh  ap p a ren t p ro d u c tio n  of. F ray s  i n  co n c re te  due 
to  n e u tro n s , to g e th e r  w ith  th e  evidence o f  a s im ila r  p ro c e ss  o c c u rr­
in g ' i n  th e  la b y r in th  m easurem ents, a re  im p o rtan t f in d in g s .
The measurements on th e  SL75*~20 m achine, documented i n  t h i s  
t h e s i s ,  have b een  alm ost e n t i r e ly  c a r r ie d  o u t w ith th e  machine con­
d i t io n s  f ix e d  i n  a p a r t i c u la r  c o n f ig u ra tio n , namely, w ith  th e  main 
photon beam d ire c te d  h o r iz o n ta l ly  in to  a w ater phantom w ith  th e  f i e l d  
d e f in in g  diaphragm s opened to  maximum.
The beam d i r e c t io n  was g e n e ra lly  tow ards th e  la b y r in th  e n tra n c e , 
as  shown i n  F ig . 4 * 6 .1 . T his p o s i t io n  was chosen fo r  th e  convenience 
o f  movement o f  p e rso n n e l around th e  w ater phantom, f a c i l i t a t i n g  th e  
p la c in g  and removal o f  sam ples.
I t  was, o f  co u rse , d e s ir a b le  to  c a r ry  o u t measurements under d i f f ­
e re n t c o n d itio n s , f o r  example, w ith  c lo sed  diaphragm s, b u t t h i s  would 
r e q u ire  th e  main beam to  be o p e ra tin g  f o r  a c o n s id e ra b le  p e rio d  o f  
tim e . T his would have produced h igh  le v e l s  o f  induced  a c t i v i t y  in: 
th e  i r o n  o f  th e  diaphragm s, an u n accep tab le  c o n d it io n  i n  a new, as  y e t  
u n d e liv e re d , machine,
The t e s t  bunkers i n  th e  f a c to ry  were by n e c e s s i ty  ex trem ely  sm a ll, 
so any movement o f th e  tre a tm e n t head from th e  s e t  p o s i t io n ,  would
have p laced  th e  t a r g e t  c lo s e r  to  th e  en tran ce  and s c a t te r in g  s u r f a c e s .
I t  was, however, p o s s ib le  to  measure th e  e f f e c t  o f  a l t e r in g  th e
beam d i r e c t io n  on th e  SL75—20 m achine, i n s t a l l e d  a t  Addehbrookes
20
H o s p ita l .  Coleman (1975/ showed th a t  th e  t o t a l  n eu tro n  DE i n  th e
la b y r in th  was 2 5 % h ig h e r  w ith  th e  beam p o in t in g  away from th e  e n tra n c e .
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T his s u rp r is in g  e f f e c t  was a lso  r e c e n t ly  re p o r te d  by McGinley e t  a l  
(1979)> when du rin g  a s tudy  o f fo u r  10  MeV m edical l i n e a r  a c c e le r a to r s ,  
i t  was n o tic ed  th a t  on one p a r t i c u la r  machine and c o n f ig u ra t io n , th e  
t o t a l  n eu tro n  DE was 2 8 %> h ig h e r o u ts id e  th e  en tran ce  when p o in tin g  
away from th e  la b y r in th .  McGinley could  n o t e x p la in  t h i s  f in d in g  and 
suggested  f u r th e r  re s e a rc h .
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T h is  e f f e c t  on th e  SL75~20 machine a t  Addenbrookes H o sp ita l 
can perh ap s he ex p la in ed  by c o n s id e rin g  th e  main n eu tro n  p ro d u c tio n  
a re a  a s  c o n s is t in g  o f  th e  e le c tro n /b re m ss tra h lu n g  t a r g e t ,  p lu s  th e  
mouth o f  th e  prim ary  c o ll im a to r ,  as suggested  in  C hapter 1* With 
th e  tre a tm e n t head p o in tin g  away from th e  la b y r in th ,  th e  n eu tro n  
p ro d u c tio n  a re a  i s  c lo s e r  to  th e  la b y r in th  e n tra n c e . There i s  v e ry  
l i t t l e  s h ie ld in g  a t  th e  back o f  th e  tre a tm e n t head, and i n  t h i s  con­
d i t io n ,  th e  la rg e  mass o f  th e  c o ll im a to r  and diaphragm s, would form a 
c o n s id e ra b le  r e f l e c t i n g  s u rfa c e , as  o u tl in e d  i n  Chapter 3, F ig . 3 » 8 .1 .,  
*behind* th e  t a r g e t .
The h igh  n eu tro n  f lu x  coining ou t o f  th e  b ack ’o f  th e  tre a tm e n t 
head was a c tu a l ly  measured w ith  th e  m oderated indium d e te c to r ,  F ig .
3 .8 .2 . ,  and th e  phosphorus d e te c to r ,  Table 3*10.1 . In  f a c t ,  bo th  
d e te c to r s  r e g is te r e d  th e  h ig h e s t  f lu x  d e n s ity  reco rded  i n  th e se  i n v e s t ­
ig a t io n s , ,  a t  t h i s  p o s i t io n .
2 ° .  . '
Coleman (1975) a lso  showed th a t  i f  a number seven wedge ( th e  wedge
o f g r e a te s t  mass) was p laced  i n  th e  tre a tm e n t head, th e  n eu tro n  HE 
i n  th e  la b y r in th  in c re a se d  by 40$*
From th e se  r e s u l t s  i t .  can be seen  th a t  i n  th e  d es ig n  o f  a n eu tro n  
a t te n u a t in g  la b y r in th ,  a m argin o f  +30% must be in c o rp o ra te d  to  a llo w  
fo r  beam d i r e c t io n  d if f e r e n c e s ,  and +40% f o r  in c re a se d  n eu tro n  y ie ld  
a r i s in g  from wedge f i l t e r s  o f  r e l a t i v e ly  la rg e  mass.
The a p p lic a tio n : to  th e  w a lls  o f  boron loaded  p o ly th en e  t i l e s  
proved most e f f e c t iv e  i n  red u c in g  th e  t o t a l  DE i n  a la b y r in th  w ith  th e  
16 MeV photon beam i n  o p e ra tio n . I t  i s  common: p r a c t ic e  to  in c o rp o ra te  
boron i n  th e  n eu tro n  s h ie ld  d i r e c t ly ,  f o r  example, d u rin g  th e  m ixing o f  
th e  c o n c re te  o r  p l a s t e r  raw m a te r ia ls .  T h is has a d i s t i n c t  d isa d v a n t­
age i n  t h a t  th e  a d d it io n  o f  borax  to  th e  mix s ig n i f i c a n t ly  slow s down 
th e  s e t t i n g  tim e. Indeed , borax  i s  a re c o g n ise d  a d d i t iv e  f o r  d e l ib e r ­
a te ly  d e lay in g  th e  s e t t in g  o f  mixes used i n  c e r ta in  b u i ld in g  c o n s tr u c t ­
io n  p ro c e sse s .
Boron has a v e ry  h igh  t o t a l  c ro ss  s e c t io n  to  therm al n eu tro n s  o f  
760 -  5 ba.rns i n  th e  M axwellian d i s t r i b u t i o n  re g io n  a t  room te m p e ra tu re . 
Fig* 3.4*1* With such a h igh  t o t a l  c ro ss  s e c t io n ,  r a p id  therm al
/
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n eu tro n  a t te n u a t io n  -will tak e  p la c e  w ith  r e l a t i v e l y  t h i n  sh e e ts  o f  
h e a v ily  "boron loaded  m a te r ia l .  I t  was th e re fo re  re a so n a b le  to  p la c e  
th e  h igh  therm al n eu tro n  abso rb in g  boron a t  th e  su rfa c e  o f  th e  s h ie ld .
The therm al f lu x  $ ( z )  a t  a depth  z below th e  s u rfa c e  o f  a s h ie ld  
due to  n eu tro n s  which e n te r  th e  s h ie ld  a s  therm al n e u tro n s 9 i s  g iv en  
by . . . . . .  (G lass to n e  Source Book* 1956)
<Z>(z) = e k . . . . . .  Eq. 6.6.3,
Where d> = The f lu x  a t  z = 0 o
and L = The d i f f u s io n  le n g th
The d i f f u s io n  le n g th  L i s  g iven  by
/ 1 \ 2 -  
L £ tanh"’*'*' iTT, ~ 1 + 3L £ 0 v Q . . . . . .  Eq. 6.6,.4*
1 + 3L2 £, £ at  c r 0
Where £ = The m acroscopic s c a t te r in g  c ro s s  s e c t io n  (cm "*")
£ -  The m acroscopic c a p tu re  c ro ss  s e c t io n  (cm )
C J / -^ 1 \ £ ^ = The t o t a l  m acroscopic c ro ss  s e c t io n  equal to  !’ + £ ^ vc^' )
and fi -  The average co s in e  o f  th e  s c a t te r in g  an g le  p e r  c o l l i s i o n
^  When th e  medium c o n s is ts  o f  a s in g le  elem ent o f  atom ic weight: A,
PQ i s  g iven  b y  .
; 2
•m =  - i —r . . . . . .  Eq .  6 .6 .5 */<o 3A
For th e  m ixture o f  elem ents i n  which th e  i t h  elem ent h as  an atom ic  
s c a t te r in g  c ro ss  s e c t io n  a .  th en  . . . . . .
?  [ " IT . a .  ^  3 A - 7  ^1 i  L i  i , s  i  JH _ ---- —„ • •*••*> Eq« 6*6.6,
?  hL a.  1i  [ i  i , s j
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Where Ih i s  th e  abundance o f  th e  i t h  type o f  atom.
F or i s o t r o p ic  s c a t te r in g  i n  th e  l a b o r a to r y  system *, which h o ld s
f o r  low energy n eu tro n s  i n  a l l  excep t th e  l i g h t e s t  e lem en ts , then
u = 0.o
I f  E q u a tio n  6 ,6 .4 *  i s  p lo t te d  w ith  ^/L  ^  on th e  y  a x is ,  and 
I  / z ,  on th e  x a x is ,  i t  can be shown th a t  th e  d i f f u s io n  le n g th  L
S  w ^
approxim ates (2 . )*~ when th e  ab so rb e r has a  v e ry  h igh  c a p tu re  c ro s sX
s e c t io n .
The therm al a b s o rp tio n  c ro s s  s e c t io n  f o r  boron can be taken  as
2 -1  2 —1 41.9 cm g , and th e  average s c a t te r in g -  c ro ss  s e c t io n  a s  0*2 cm g ,
th e reb y  p roducing  a v e ry  sm all Z /  Z, r a t io *s t
Assuming a d e n s ity  f o r  e lem en ta l boron o f  2*5 gem ^ and s u b s t i tu t in g  
th e  r e s u l t i n g  c a lc u la te d  v a lu e  f o r  L i n  E q u a tio n  6 .6*3* , i t  can be shown 
th a t  f o r  dep ths o f  on ly  1 mm. a tte n u a tio n ' f a c to r s  o f  g r e a te r  th an  10^ 
a re  o b ta in ed  fo r  therm al n e u tro n s . For com parison, P o r tla n d  c o n c re te  
w ith  an L o f  7*04 cm \  reduces th e  s u rfa c e  f lu x  to  87% for- a z  o f  1 cm.
Once th e  therm al n eu tro n  has been cap tu red  i n  th e  a b so rb in g  medium 
th e  n u cleu s em its a gamma photon and to  keep th e  gamma ra y  dose r a t e ,  to  
a minimum, i t  i s  e s s e n t i a l  th a t  th e  energy o f  th e  therm al n eu tro n  cap­
tu re  gamma ra y  i s  as low an energy as  p o s s ib le .
T able 6 .6 .1 . ,  shows th e  main therm al n eu tro n  c ap tu re  gamma ra y  
p ro d u c tio n  i n  o rd in a ry  P o rtlan d  c o n c re te . (P r ic e  e t  a l ,  1957)
I t  can be seen th a t  th e  g r e a te s t  gamma ray. i n t e n s i t y  a r i s in g  from 
therm al neu tro n  c a p tu re , occurs i n  th e  H and S^, and th e  g r e a te s t  
number o f  photons i s  em itted  i n  th e  energy band 1 MeV to  3 MeV. The 
nex t energy band o f  between 3 MeV and 5 MeV i s  decreased  o n ly  by approx­
im a te ly  15$* The average energy would be abou t 4 MeV.
In  some o f  th e  co n c re te  b lo ck s  o f  th e  la b y r in th ,  th e  c o n c re te  was 
re in fo rc e d  w ith  ang le  i ro n  a t  each co rn e r and therm al n eu tro n s  c a p tu re d  
in  i r o n ,  produce a 7*64 MeV photon f o r  36^  o f  th e  ca p tu re  e v e n ts .  I t
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TABLE 6 .6*1 .
THE MAIN THERMAL NEUTRON CAPTURE GAMMA PRODUCTION TARGETS IN 
ORDINARY PORTLAND CONCRETE.'
(P r ic e  e t  a l ,  1957) 73
N ucleus $ wt i n  
c o n c re te
I n te n s i ty  ph g ^s ^ o f  c a p tu re  
gamma ra y s  . in  a  therm al n eu tro n  
f lu x  o f  S x  10^ ncm ^s “ -
T o ta l1-3 MeV 3-5 MeV 5-7  MeV 7 MeV
H 1 17.8 17 .8
S.1 33.7 8 .0 19-2 3.46 . 1*33 31*99
Al 3 .4 0 .2 1.19 0.328 0 .5 4 2.258
Pe 1 .4 0.27 0 .8 0.745 1.69 3*5
Ca 4 .4 1.26 1.51 2.-54 0.06 5*37
Na 1 .6 0.932 1 .14 0 .54 0*42 3*03
K 1 .3 1.26 1.26 1 .12 0*42 4*06
T o ta l 29.722 25.1 8.733 4*42
i s  shown th a t  th e  gamma ra y s  produced from th e  c o n c re te  b lo ck s  o f  th e  
la b y r in th  were o f  a h igh  e f f e c t iv e  energy , p robab ly  g r e a te r  th an  4 MeV.
10On th e  o th e r  hand, th e  ( n ,a )  r e a c t io n  i n  B g iv es  0*478 MeV gamma
ra y s  i n  94$ o f  c a p tu re s  from th e  decay o f  th e  e x c ite d  Li n u cleu s formed
i n  th e  r e a c t io n .  The gamma DE co n v e rs io n  f a c to r  g iv en  by ICRP, T able
—2 —16 .6 .2 . ,  f o r  4 MeV gamma ra y s ,  i s  210 phcm s , and f o r  0 .478 MeV, 
3 - 2 - 11.15 x 10 phcm s • Assuming s in g le  photon p ro d u c tio n , th e  d i f f e r ­
ence i n  energy produces a re d u c tio n  i n  DE o f  82$.
Although i t  has been shown i n  Table 4*7*1*  th a t  th e  n eu tro n s  a re  
r a p id ly  slow ing down a f t e r  t r a v e r s in g  on ly  s h o r t  d is ta n c e s  down th e  
la b y r in th ,  i t  was co n sid e red  d e s ir a b le  to  enhance th e  e f f e c t  by im prov­
in g  on th e  m oderation a b i l i t y  o f  o rd in a ry  c o n c re te . The borax  r e q u ire d  
a bonding medium which was prov ided  by s ta n d a rd  commercial p o ly e s te r
1 8 6
TABLE 6.6 ,2#
DE: CONVERSION: FACTORS- FOR: PHOTONS
Photon Energy 
MeV
C onversion F a c to r  
ph cm  ^ p e r mremhr ^
4  x 1 0 _ 1 1 . 3  x  1 0 3
5  x  lC T1 1 . 1  x 1 0 3
6  x  1 0 _ 1 8 . 8  x 1 0 2
8  x  1 0 _ 1 6 . 8  x  1 0 2
1  x 1 0 ° 5 * 6  x 1 0 2
1-.5 x 1 0 ° 4 . 1  x 1 0 2
2  x 1 0 ° 3 .3  x 102
3  x  1 0 ° 2 . 5  x 1 0 2
4  x 1 0 ° 2 . 1  x 1 0 2
5  x 1 0 ° 1 . 8  x 1 0 2  '
r e s i n .  I t  seemed p r a c t ic a b le  to  f u r th e r  lo ad  th e  r e s i n  w ith  hydrogen 
r ic h  p o ly th en e  b ead s . (ICRP, 1971)44
The re q u ire d  param eter used i n  e s tim a tin g  th e  e f f e c t iv e n e s s  o f  a
n eu tro n  m oderator, i s  th e  slow ing down le n g th  L • T h is i s  d e fin ed  as
  ®
k j 7r /2  tim es th e  average d is ta n c e  (norm al to  p lan e ) to  which a n e u tro n
p e n e tra te s  b e fo re  becoming th e rm a lise d , and can be c a lc u la te d  f ro m -..#
2 V !L = 11 - - 1 ■ # .« . .#  Eq« 6.6.«7 *
S 3 ( l-» 0 )
Where N^ = The number o f  c o l l i s io n s  re q u ire d  to  red u ce  th e  energy
from E . . . .  to  E_,_. _  ^l  ( i n i t i a l )  f (  f in a l )
1 = The s c a t te r in g  mean f r e e  p a th  g iven  by th e  i*ec ip rocals
o f  Z th e  m acrosconic s c a t te r in g  c ro ss  s e c t io n  s *
i  s g iven  hy . . . . . .
J  • # # ..#  Eq# 6;#6#8#
Where £ = The average lo g arith m ic : energy decrem ent p e r  c o l l i s i o n
£ th e  lo g a r ith m ic  decrem ent may he c a lc u la te d  from •« ••« •
J  E p(E J d E
£ =---—----------------------------------------------------------- ••••# #  Eq# 6).6#9#
J p (E 2 )dE2
Inhere E^ = The i n i t i a l  energy
/ A—1 \ ^Where th e  in te g r a t io n  ru n s  from ®2~^l^A+3/ 
accordance wi th  . . . . . .
\  _ A2 + 2A cos + 1
E1 " (A + l ) 2
'• •• •#  Eq# 6#6# 10#
and where
2 ' '
p(E )dE = dE  Eq. & .6.11,
4 A E  *
then
2
£ = 1 + , l n ( ~ )  '  . Eq. 6 .£ .1 2 .
2A
and when A ^ 1  .
2£ = ^  «##### Eq • 6 #6.#13,
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For' m ix tu res  o r  compounds £ i s  re p la c e d  "by £ and may “be 
c a lc u la te d  from • • • • • •
£ s l  + z s 2 + V*   z sn
« «« .« . Eq. 6.6.* 14.r
IT f o r  m ix tu res  o r  compounds has a lre a d y  “been g iv en  i n  E quation  r o
6 ,6 .6 .
The m acrascopic c ro ss  s e c t io n  z  f o r  m ix tu res  o r  compounds i s
re p la c e d  hy z , where . . . . . .s
= Kl ffsl + Vs2 +  Vsn --------- Eq* 6*6,15,
Inhere
N.. as The number o f  n u c le i o r  atoms which w i l l  depend on th e  lv n
com position  o f  th e  m ix tu re , a s  w ell as  th e  atom ic o r 
m o lecu lar w eights and d e n s i t i e s  o f  th e  c o n s t i tu e n ts
and o t . -  The m icroscopic  s c a t te r in g  c ro s s  s e c t io nsJL*sn
P oly thene can be co n sid e red  i n  th e  m o lecu lar form as  C H . w ith  a 
d e n s i ty  o f  0.92 gem . I t  has been shown i n  F ig . 4*10*2 ., t h a t  a t  
th e  en tran ce  o f  th e  la b y r in th ,  th e  b u lk  o f  f a s t  n eu tro n s  i s  below 
1 MeV, and i n  Table 4*7*1*, a t  o n ly  sm all d is ta n c e s  down th e  s t r a i g h t  
s e c t io n ,  th e  bu lk  o f  n eu tro n s  i s  below 0 .1  MeV. I f  i t  i s  assumed th a t  
th e  neu tro n  slow ing down spectrum  fo llo w s a  /E  r e l a t io n s h ip ,  th en  E^  
would be th e  mean e f f e c t iv e  energy o f  5 x 10 ^ MeV. T h is  p roduces a 
slow ing down le n g th , f o r  th e  p o ly th en e  bead w a ll t i l e ,  o f  3 cm.
The l im ite d  funds a v a i la b le  f o r  th e  boron loaded w a ll t i l e  p r o je c t  
p u t f in a n c ia l  c o n s tr a in ts  on bo th  th e  supply  o f  m a te r ia ls  and th e  tech ~  
n ic a l  in v e s t ig a t io n s  re q u ire d  to  produce a f u l l y  e f f i c i e n t  and a c c e p ta b le  
p ro d u c t. C onsequently , on ly  a rud im en tary  exam ination  o f  th e  p r a c t i c a l  
problem s was p o s s i b l e , . and th e  t i l e s  i n i t i a l l y  produced were 1*5 cm* to
I89
2 cm# th ick #  A lthough th e  measurements prove th a t  th e se  t i l e s  
■were v e ry  e f f e c t iv e ,  th e  c a lc u la t io n s  show th a t  a more e f f i c i e n t  
t i l e  th ic k n e s s , would he betw een 3 .0  cm? and 3*5 cm.
6 .7 .  THE EXPERIMENTAL BEAM FACILITY
I t  was shown i n  C hapter 5 t h a t  th e  experim en ta l beam f a c i l i t y  was 
cap ab le  o f  p roducing  f a s t  n eu tro n  f lu x e s  o f  between 1 0 ^  and 10"^ ns
I n  p r in c ip le ,  th e  f a c i l i t y  could  be used fo r  th e  p ro d u c tio n  o f  
s h o r t  l iv e d  is o to p e s  f o r  d ia g n o s tic  in v e s t ig a t io n s ,  o r f o r .a c t iv a t io n - . 
a n a ly s is  o f  body t i s s u e s  and f l u i d s .
The is o to p e s  produced would a r i s e  from ( ? ,n )  (n ,2 n ) (n ,p )  and
a f t e r  s u i ta b le  m oderation  ( n ,P ) r e a c t io n s .  The a c t iv a t io n  th re sh o ld
f o r  and (n ,2 n )  r e a c t io n s  i s  g r e a te r  th a n  10 MeV f o r  e lem ents o f
low mass numbers. P ig . 1 .1 .2 .  The two most u s e fu l s h o r t  l iv e d '
15 13r a d io a c t iv e  g a se s , 0 and E, u se d -in  re g io n a l  pulm onary v e n t i l a t i o n  
and blood flow  in v e s t ig a t io n s ,  a re  u n l ik e ly  to  be produced in  c l i n i c ­
a l l y  u sa b le  q u a n t i t i e s  by th e  SL75-20.
9
A nother commonly used s h o r t  l iv e d  is o to p e ,  o u tl in e d  by Barnaby i n  
1969, i s  ^3<?i a rpX. o f  2 .3  h o u rs . In  th e  d ia g n o s is  o f  hypothy­
ro id ism , up take measurements a re  c a r r ie d  o u t 24 and 48 h o u rs  a f t e r  th e
131in ta k e ,  and th e  lo n g  h a l f  l i f e  o f  8 days o f  I  i s  u t i l i s e d .  F or
j h e  d ia g n o s is  o f  h y p erth y ro id ism , measurements a re  tak en  w ith in  4 h o u rs
o f  th e  in ta k e ,  when th e  uptake g e n e ra lly  exceeds 40^  o f  th e  dose g iv e n .
132This a llow s th e  use  o f  I ,  which g r e a t ly  red u ces th e  p a t i e n t  d o se .
132The p ro d u c tio n  o f  I  norm ally  tak es  p la c e  i n  a r e a c to r  a s  a
128by-p ro d u ct o f  th e  f i s s io n  p ro c e ss , b u t x I  w ith  a T j  o f  25 m inutes 
could be produced by th e  ( n , f )  r e a c t io n .
m ry
Both Cu and Cu a re  used fo r  th e  s tu d y  o f  W ilsons d is e a s e ,  as
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shown by Osborn and Walshe, 1967? and i t  i s  u su a l to  g iv e  a reduced  
f  H
dose o f  Cu because o f i t s  long  h a l f  l i f e  o f  61 hours and th e  h ig h  
c o s t o f  th e  is o to p e .  C e r ta in ly , ^ C u  can be produced by th e  ( n , f )  
r e a c t io n ,  b u t w ith  th e  h a l f  l i f e  o f  12.9 h o u rs , th e  p e r io d  fo r
1 9 0
s a t u r a t i o n  a c t i v i t y  o v e r  2 ^  d a y s , i t  i s  a g a i n  d o u b t f u l  w h e th e r  
s u f f i c i e n t  q u a n t i t y  o f  t h e  i s o t o p e  w ou ld  b e  a v a i l a b l e  a f t e r  t h e  
s h o r t  i r r a d i a t i o n  p e r i o d s  d u e  t o  t h e  l i m i t e d  a c c e l e r a t o r  d u ty  c y c le *
F o r  e x a m p le :  t h e  y i e l d  p e r  gram  o f  ^ C u  a t  s a t u r a t i o n  a c t i v i t y  i n  a
■ 12  ‘ —2 -1  .  r e a c t o r  th e r m a l  n e u t r o n  f l u x  o f  1 0  ncm ' s  , i s  720  mCi*
A m ore  p r o m is in g  u s e  o f  t h e  e x p e r im e n ta l  beam  w o u ld ’ b e  i n  
c a c t i v a t i o n  a n a l y s i s  o f ’hum an b o d y  m a t e r i a l .
Human b o d y  f l u i d ,  s u c h  a s  s e ru m , c e r e b r o s p i n a l  f l u i d ,  u r i n e ,  b i l e ,  
p a n c r e a t i c  f l u i d ,  g a s t r i c  f l u i d  a n d  s a l i v a ,  c a n  a l l  b e  s u b j e c t e d  t o  
a c t i v a t i o n  a n a l y s i s *  V a r i a t i o n  o f  t r a c e  e le m e n ts  fro m  t h e  n o r m a l ,  
i s  p r o d u c e d  b y  a  v a r i e t y  o f  d i s e a s e s  a n d  d i s o r d e r s ,  i n c l u d i n g ,
m y o c a r d ia l  i n f a r c t i o n ,  p e p h r o s i s ,  c a rc in o m a  o f  t h e  b l a d d e r  a n d  W ils o n s
50 '
d i s e a s e ,  K a n a b ro c k i  e t  a l ,  i n  1 9 ^5 ? c a r r i e d  o u t  a  nu m b er o f  i n v e s t ­
i g a t i o n s  o n  t h e  raa n g e n e se  a n d  c o p p e r  c o n t e n t  i n  b o d y  f l u i d s .  S am p le
s i z e s  w e re  1 m l.  t o  1 0  m l . ,  a n d  t h e s e  w e re  p l a c e d  i n  a  r e a c t o r  th e r m a l
12 —2 —1n e u t r o n  f l u x  d e n s i t y  o f  1 .8  x  1 0  ncm s ' . “  fo r -  a  p e r i o d  o f  1 h o u r ,
72
R L a n t in ,  i n  1 9 6 5 ? i r r a d i a t e d  1 m l. s a m p le s  o f  b lo o d  f o r  2 4  h o u r s
13 - 2 - 1i n  a  r e a c t o r  t h e r m a l  n e u t r o n  f l u x  d e n s i t y  o f  2 x  10  ncm s  • A
g e n e r a l  24Wa an d  ^ C i  s p e c tru m  w as o b t a i n e d  w i th  c o u n t  r a t e s  o f  
1 0 ^  cpm . f o r  ^ N a  down t o  20  cpm . f o r  ^ C o  i n  a  gamma s p e c t r u m .
12
B i r d  e t  a l ,  i n  1965? s t u d i e d  u r i n e  s a m p le s  f o r  t r a c e  e le m e n ts  o f  
s i n e  a n d  m an g an ese  i n  k id n e y  s t o n e  p r o d u c t i o n  i n v e s t i g a t i o n s .  5 
s a m p le s  w e re  i r r a d i a t e d  f o r  10  m in u te s  i n  a  r e a c t o r  t h e r m a l  n e u t r o n  
f l u x  d e n s i t y  o f  2 x  1 0 ^ 2 ncm ^ s
51 ^K e en en  e t  a l ,  a l s o  i n  1965? i r r a d i a t e d  hum an lu n g  t i s s u e  t o
■ d e te r m in e  c o p p e r  a n d  z in c  c o n t e n t  i n  a  r e a c t o r  th e r m a l  n e u t r o n  f l u x
13 - 2 - 1d e n s i t y  o f  10 ncm s  .
A l th o u g h  t h e  n e u t r o n  f l u x  d e n s i t y  a v a i l a b l e  fro m  t h e  SL75“ 20  
e x p e r im e n ta l  beam  o p e r a t i n g  a s  a  n e u t r o n  g e n e r a t o r  i s  c o n s i d e r a b l y  
l e s s  t h a n  t h a t  u s e d  i n  t h e  p u b l i s h e d  r e s e a r c h  w ork  l i s t e d  a b o v e ,  i t  
s h o u ld  b e  p o s s i b l e ,  w i th  t h e  u s e  o f  u p - t o - d a t e  h i g h l y  s e n s i t i v e  gamma 
s p e c t r o m e t r y  e q u ip m e n t,  t o  c a r r y  o u t  a  c e r t a i n  am oun t o f  r u d im e n ta r y  
a c t i v a t i o n :  a n a l y s i s .
1 9 1
6 . 8 .  CONCLUSION
In  C hapter 1 , i t  was shown th a t  th e  50$ depth  dose i n  a w ater 
phantom f o r  an 8 MeV photon beam was 17 cm ., and f o r  a 16 MeV photon 
beam, 20 cm ., an in c re a s e  i n  dep th  dose e f f ic ie n c y  o f  l e s s  th an  18^ .
The a d d it io n  o f  a 16 MeV photon beam f a c i l i t y  on a  20 MeV e le c t ro n  
m achine, in c re a s e s  th e  p a t ie n t  dose by a f a c to r  o f betw een 3 and 4? 
and th e  hazard  to  th e  h o s p i ta l  and f a c to ry  s t a f f  by a  f a c to r  o f  30 , 
compared to  th e  8 MeV f a c i l i t y .
At 8 MeV, th e  (F ,n )  th re sh o ld  i s  j u s t  exceeded f o r  dense m a te r ia ls ,  
and beyond 10 MeV, th e  c ro ss  sec tio n : in c re a s e s  r a p id ly  in to  th e  g ia n t  
resonance  re g io n , c e n t r a l i s e d  around 14 MeV.
The n eu tro n s  a re  produced a t  th re e  main p o in ts .  l )  th e  brem s- 
s tra h lu n g  t a r g e t ,  2) th e  mouth o f  th e  p rim ary  c o l l im a to r ,  and 
3) th e  tre a tm e n t f i e l d  f l a t t e n in g  f i l t e r .  T his im p lie s  t h a t  th e  
p ro d u c tio n  o f  n eu tro n s  i s  no t s p e c ia l  to  th e  SL75~*20 m achine. I n  
f a c t ,  i t  can be shown th a t  any m edical l i n e a r  a c c e le r a to r  p ro d u c in g  
a c l i n i c a l l y  u s e fu l photon beam in  excess o f  15 MeV and in c o rp o ra t in g  
th e  s ta n d a rd  t a r g e t ,  c o ll im a to r  and f l a t t e n in g  f i l t e r ,  w i l l  produce 
n eu tro n s  i n  excess o f  th e  i n i t i a l  IEC maximum co n tam in a tio n  recommend­
a t io n s  o f  0 .01$  absorbed dose.
I t  i s  common p r a c t ic e  to  in c lu d e  a h ig h  energy photon  beam f a c i l i t y  
g r e a t e r  th an  15 MeV on th e  new g e n e ra tio n  o f  20 MeV h ig h  energy  e l e c t ­
ro n  m edical a c c e le r a to r s .  R a d io th e ra p is ts  m ight c o n s id e r  i f  th e  
r e l a t i v e l y  sm all g a in  i n  tre a tm e n t p o te n t ia l  m e r its  th e  in c re a se d  
e x i t  and com tam ination dose to  th e  p a t i e n t ,  and th e  in co n v en ien ce  and 
c o s t  o f  a d d it io n a l  r a d io lo g ic a l  p ro te c t io n  m easures.
The measurements showed th a t  th e  n eu tro n  energy spectrum  i n  th e  
main photon beam in d ic a te d  a mean e f f e c t iv e  energy o f  1 MeV, w ith  
on ly  6/6 of. th e  t o t a l  neu tro n  y ie ld  having an energy above 3 MeV, and 
on ly  1^ 6 having  an energy above 7 MeV.
The n eu tro n  f lu x  d e n s ity , w ith  main beam as  a fu n c tio n  o f  main
+beam tre a tm e n t dose , was measured a t  th e  is o c e n tr e  as  3*0 -  0*30 x
5 —2 —1 —110 ncm s p e r  100 radm in • The is o c e n tr e  i s  100 cm* from th e
b rem sstrah lu n g  t a r g e t ,  and th e  measurements were tak en  w ith  th e  main 
beam h o r iz o n ta l  and th e  f i e l d  d e f in in g  diaphragm s f u l l y  open, produc­
in g  a maximum' f i e l d  s iz e  o f  32 cm* x 32 cm* This g iv e s  a n eu tro n
+ 5 —2 —1p roduction ; i n t e n s i t y  a t  th e  is o c e n tr e  o f  1*8 — 0*18 x  10 ncm ra d  •
The n eu tro n  f lu x  d e n s ity  i n  th e  shadow o f  th e  f i e l d  d e f in in g  
diaphragm s (under sm all tre a tm e n t room c o n d itio n s )  was measured as  
1 .8  i  0*18 x 10^ ncm ^s~^*
The t o t a l  DE to  th e  p a t ie n t  o u ts id e  th e  main beam, a f t e r  making'
a llow ances f o r  n eu tro n  p ro d u c tio n  in  th e  p a t i e n t *3 body and th e  t r e a t -
~1 •«! ment t a b l e ,  was found to  be 0*455 remmin p e r  100 radm in tre a tm e n t
dose, o r  0,455%  exp ressed  as  a p e rcen tag e  o f  th e  main tre a tm e n t beam 
i s o c e n t r i c  dose r a t e .  This i s  more th an  th e  ‘d e s ira b le *  le v e l  o f  
0 .1 $ , but, i s  w ith in  th e  1$ maximum recommended le v e l  based  on a c c e p t­
a b le  leukem ia o r  carcinom a in d u c tio n 1 r is k s *
T his con tam ination , dose o f  0*455$ can be e a s i ly  reduced  to  0 .1 9 $  
by p la c in g  a p o ly th en e  sc re e n , 9 cm* th ic k ,  between th e  tre a tm e n t head 
and th e  p a tie n t*  The sc reen  cou ld  be f i t te d -  on a sim ple movable 
s tan d  and p laced  i n  p o s i t io n  o n ly  when th e  16 MeV photon beam i s  to  be 
used* By making th e  body su p p o rt s t r u t s  on th e  tre a tm e n t t a b le  o f  
alum inium , th e  co n tam in a tio n  dose could  be f u r th e r  reduced  to  0.14$* 
which i s  n o t much more th an  th e  ‘d e s ira b le*  co n tam in a tio n  l i m i t .
The measurements showed a c o n s id e ra b le  DE o u ts id e  th e  b io lo g ic a l  
s h ie ld ,  due to  n eu tro n s  s tream in g  arcund th e  la b y r in th  en trance*
The DE r a t e s  were shown to  be h igh  a t  normal main beam tre a tm e n t dose 
r a t e s  i n  ty p ic a l  h o s p i ta l  a r c h i te c tu r a l  la y o u ts .  F o r  exam ple, 20 to  
60 mremhr a t  400 r a d s  p e r  m inute , and th e r e fo r e ,  cou ld  n o t comply 
w ith  th e  ‘ad eq u a te ly  sh ie ld ed  compound* c r i t e r i a  re q u ire d  by th e  
Sealed  Sources r e g u la t io n s .  However, i t  was shown th a t  th e  n eu tro n s  
q u ic k ly  lo s e  energy i n  th e  la b y r in th  arrangem ent* The m easurem ents 
taken  s e v e ra l  m etres down a r ig h t-a n g le d  bend, showed th a t  80$ o f  th e  
DE was due to  slow and in te rm e d ia te  n e u tro n s . Even b e fo re  tu rn in g  
th e  f i r s t  90° bend, th e  mean e f f e c t iv e  energy  was found to  be a f a c to r
193
of' 10 down, a t  0*1 MeV on th e  mean e f f e c t iv e  energy o f  th e  main beam#
I t  was e v id en t t h a t  th e  slow  n eu tro n s  were b;eing absorbed  i n  th e  
la b y r in th  environm ent, p roducing  ca p tu re  gamma rays* From th e  meas­
u rem en ts, i t  was c l e a r  th a t  o n ly  a sm all amount o f  m oderation  was 
needed, th e  main req u irem en t b e in g  a n eu tro n  ab so rb in g  medium. Con­
s id e r a b le  re d u c tio n  o f  th e  t o t a l  DE i n  th e  la b y r in th  was e a s i ly  and 
in e x p e n s iv e ly  ach ieved  by l i n in g  th e  s u rfa c e s  o f  th e  la b y r in th  w ith  
p o ly th en e  t i l e s ,  1*5 cm. to  2 cm. th ic k ,  loaded  w ith  27$ by w eight o f  
b o rax . However, a c a lc u la te d  slow ing down le n g th  f o r  th e  t i l e  f o r  
E^ @ 5 x 10**  ^ MeV to  E_g @ 0.025 ©V, was found to  be 3 cm.
A lte r n a t iv e ly ,  i n  c a se s  where th e  la b y r in th  i s  ex trem ely  s h o r t ,  
th e  t i l e s  could  be formed in to  a door, l e s s  th an  15 cm. th ic k ,  which 
need be c lo se d  only? d u rin g  o p e ra tio n  o f  th e  16 MeV photon  beam.
W hile th e  n eu tro n  p ro d u c tio n  proved a  n u isan ce  i n  normal tre a tm e n t 
u se , th e  a b i l i t y  to  produce n eu tro n s  i n . a  h o s p i ta l  environm ent, cou ld  
be v e ry  u sefu l*  I t  was shown th a t  th e  experim en ta l beam f a c i l i t y ,  
o p e ra tin g  w ith  an e le c tro n  beam o u tp u t o f  4Ojuk and u t i l i s i n g  a  n e u tro n
production i t a r g e t  o f  uranium o f  6Xo ( r a d i a t i o n  le n g th s ) , would produce
— ^ —1 11 —1a  n eu tro n  y ie ld  o f  2 .8  x 10 n e l and a t o t a l  f lu x  o f  % 0  x  10 ns .
Such a  t a r g e t  would r e q u ire  to  be cooled and v e n tila te d -  and e x t r a  lo c a l
s h ie ld in g  would be n e ce ssa ry .
With a maximum beam o u tp u t l im ite d  to  40M , i t  i s  u n l ik e ly  t h a t  
s u f f i c i e n t  q u a n t i t i e s  o f  s h o r t  l iv e d  is o to p e s  would be p roduced . 
P o ss ib ly , th e  most p rom ising  u se  o f  th e  experim en ta l beam f a c i l i t y ,  
would be i n  th e  a c t iv a t io n  a n a ly s is  o f  human body m a te r ia l .  Serum, 
c e re b ro sp in a l f l u i d ,  u r in e ,  b i l e ,  p a n c re a tic  f l u i d ,  g a s t r i c  f l u i d  and.
s a l iv a ,  could  a l l  be su b jec te d  to  a c t iv a t io n  a n a ly s is  for- t r a c e
elem ents o f  Mn, Cu and Zn. V a r ia tio n s  o f  th e se  t r a c e  elem ents from 
th e  normal a re  produced by a v a r i e ty  o f  d is e a s e s  and d i s o r d e r s .
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CHAPTER 7
7 . 1 .  REVIEWAL
The fo re g o in g  SL75-20 M edical L in ea r A c c e le ra to r  in v e s t ig a t io n s  
were c a r r ie d  o u t o v er a p ro longed  p e r io d  and e f f e c t iv e ly  com pleted 
in  1979* I t  now ap p ea rs  opportune to  rev iew  and compare some o f  
th e  r e s u l t s  w ith  r e c e n t  and o th e r  p u b lish ed  work no t h i th e r to  f u l l y  
c o n s id e re d .
The n eu tro n  p ro d u c tio n  from v a r io u s  h ig h  energy m edical a c c e le r —
8 9  —► 113
a to r s  has been a s se s se d  by a  number o f  r e s e a r c h e r s ,  b u t  th e  m a jo r ity
o f  th e se  m easurem ents were c a r r ie d  o u t on b e ta tro n s  o f  much h ig h e r
energy th a n  16 MeV. As o u t l in e d  i n  C hapter 1 , i t  i s  d i f f i c u l t  to
compare d i r e c t l y  b e ta t r o n  w ith  l i n e a r  a c c e le r a to r  r e s u l t s ,  due to  th e
f a c t  th a t  th e  modes o f  a c c e le r a t io n  and beam e x tr a c t io n  a re  e n t i r e ly
d i f f e r e n t .  N eutron p ro d u c tio n  i s  b rough t about by beam lo s s e s  and
th e se  can be q u i te  d i s s im i la r  i n  th e  two ty p es  o f  a c c e le r a to r .  I t
has been found t h a t  th e  n e u tro n  f lu e n c e  from b e ta tro n s  i s  s u b s t a n t i a l l y
1 0 3
below t h a t  o f  l i n e a r  a c c e le r a to r s .  McCall and Swanson, 1979* gave two 
re a so n s : one, th e  energy  o f  th e  e le c tro n  beam i s  expended i n  th e  low 
Z m a te r ia ls  o f  th e  d o n u t, th e r e f o r e ,  th e re  i s  a low n eu tro n  p ro d u c tio n  
p e r in c id e n t  e le c t r o n  beam c u r r e n t ,  and two, sm a lle r  tre a tm e n t f i e l d s  
p erm it th in n e r  f l a t t e n i n g ,  th e r e f o r e ,  th e re  i s  a  h ig h e r  photon o u tp u t 
p e r in c id e n t  e le c t r o n  beam c u r re f t t  As s ta t e d  i n  C hapter 1 , i n  th e  
l in e a r  a c c e le r a to r  much g r e a te r  beam i n t e n s i t y  i s  a v a i la b le ,  and more 
h igh  d e n s i ty  t a r g e t  m a te r ia l  i n  which (P ,n )  i n te r a c t io n s  can  o c c u r .
I t  was m entioned i n  C hapter 1 , p . 26 , o f  t h i s  t h e s i s ,  t h a t  A xton,
9 0
i n  1970, a s se s se d  th e  n e u tro n  dose to  th e  p a t i e n t  and p re se n te d  h i s  
f in d in g s  i n  a  r e p o r t  to  th e  S c i e n t i f i c  Committee o f  th e  American
A sso c ia tio n  o f  P h y sic s  i n  M edic ine . S ub seq u en tly , Axton and B a rd e l l ,
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i n  1972, p re se n te d  r e s u l t s  o b ta in e d  from a p ro to ty p e  MEL a c c e le r a to r  
w ith  a 16 MeV photon  beam. These a re  th e  o n ly  o th e r  m easurem ents 
th a t  have been ta k e n  on an MEL m edical l i n e a r  a c c e le r a to r  p ro d u c in g  
r e s u l t s  s t r i c t l y  com parable to  th e  work i n  t h i s  t h e s i s .
1 0 3
McCall and Swanson, how ever, g iv e  some r e s u l t s  which have been 
o b ta in ed  on m edical l i n e a r  a c c e le r a to r s  o p e ra t in g  a t  e n e rg ie s  o th e r
204
than  16 MeV, and produced by o th e r  m anu fac tu re rs  which cou ld  
in v o lv e  d i f f e r e n t  tre a tm e n t head d es ig n  c o n s tru c t io n , f o r  in s ta n c e ,  
beam bend ing  and c o ll im a tin g  m ethods, which cou ld  c o n s id e ra b ly  
in f lu e n c e  beam lo sse s*
91  9 2
Axton and B a rd e ll  used th e  m u ltisp h e re  method, a s  r e f e r r e d  to
in  C hapter 6 , p . 179* and d e sc rib e d  i n  th e  l i t e r a t u r e  by B ram b le tt,
9 4Ewing and Bonner, I960* T h is method in c o rp o ra te s  a s u i t a b l e  n eu tro n  
d e te c to r  p laced  a t  th e  c e n tre  o f  a s e r ie s  o f  m oderating  sp h eres  o f  
d i f f e r in g  d iam eters*  A ty p ic a l  s e t  f o r  an a c c e le r a to r  o f  maximum 
energy below  20 MeV, would c o n s is t  o f  2*5 in c h  (6*35em), 4*2 in c h
(10*66 cm) and 10 in c h  (25*4 cm) sp h e re s , a s  reco rd ed  by K night and
. 10 0  
M arsh a ll, 1969*
The d e te c to r  i s  u s u a lly  a  ^L il(E u ) s c i n t i l l a t o r  f i t t e d  w ith  a
9 3
l i g h t  guide* B arthoux , Benezech and Zaborow ski, 1964* showed th a t
th e  t o t a l  n eu tro n  DE from t h i s  arrangem ent was g iven  by
Where = Counts on 10 in c h  sphere
N = Counts on 4*2 in c h  sphere
N_ = Counts on 2*5 in c h  sphere2*5
K = A c o n s ta n t d e r iv e d  from a  c a l ib r a t io n  u s in g  a
s u i ta b le  n e u tro n  so u rce  (AmBe o r  PuBe)
The v a lu e  o f  DE u s in g  t h i s  method i s  a c c u ra te  to  — 15% o v er th e  
energy ran g e  100 eV to  7 MeV. Above 7 MeV a c o r re c t io n  f a c to r  i s  
needed due to  th e  f a l l  o f f  i n  re sp o n se . T h is  can be a s c e r ta in e d  by 
a measurement w ith  a p ro to n  r e c o i l  te le s c o p e , and as much a s  7,0% o f  
th e  v a lu e  o b ta in e d  i s  added to  th e  DE r e s u l t  determ ined by th e  
sp h eres a lo n e . U n fo rtu n a te ly , t h i s  method can  be used  o n ly  i n  r e l ­
a t iv e ly  low gamma backgrounds o f  dose r a t e s  up to  5 ra d h r  ■*■*
In  h ig h  gamma backgrounds, a c t iv a t io n  f o i l s  such a s  indium  o r  
manganese can be used  in s te a d  o f  a  s c i n t i l l a t o r ,  and i t  can  be seen  
th a t  by u s in g  th e  r e s u l t s  from th e  f o i l s  p laced  i n  th e  th r e e  sp h e re s
o f  d i f f e r in g  energy  re sp o n se , i t  i s  p o s s ib le  to  o b ta in  a crude 
n eu tro n  energy  s p e c tro m e te r .
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Axton and B a rd e ll  used g o ld  f o i l s  a s  th e  d e te c to r  and on ly  two 
spheres o f  s im i la r  d im en sio n s , one o f  20 cm. d iam eter and th e  o th e r  
o f  25 cm. d ia m e te r .
I t  i s  common p r a c t i c e  to  u se  bo th  m oderated indium  f o i l s  and 
moderated go ld  f o i l s ,  b u t g o ld  f o i l s  a r e  u s u a lly  re se rv e d  f o r  th e  
measurement o f  t o t a l  n e u tro n  f lu x e s  o r  BE o v er long  p e r io d s ,  a s  th e  
gold n .^ r e a c t io n  h a s  a  Tg- o f  2*7 days a s  opposed to  th e  54 m inutes 
f o r  th e  indium  r e a c t io n .  C o nsequen tly , th e  i r r a d i a t i o n  tim e must 
be e i t h e r  r e l a t i v e l y  lo n g , o r  i f  t h a t  i s  n o t p o s s ib le ,  th e  c o r re c t io n  
to  o b ta in  s a tu r a t io n  a c t i v i t y ,  must be v e ry  la r g e .  I t  i s  f o r  t h i s  
reaso n  t h a t  indium  f o i l s  were chosen  f o r  th e  m easurem ents on th e  
SL75-20 m achine, p e rm it t in g  s h o r t  i r r a d i a t i o n  tim es o f  a few m in u tes , 
thus av o id in g  a c c e le r a to r  o v e r—h e a tin g  problem s and induced  a c t i v i t y  
i n  th e  machine head p a r t s .  I t  a ls o  allow ed  th e  measurem ents to  be 
c a r r ie d  o u t q u ic k ly , p ro d u c in g  r e l a t i v e l y  h igh  induced a c t i v i t y  on 
th e  indium  f o i l  f o r  th e  f r a c t i o n  o f  th e  h a l f  l i f e  o f  th e  i r r a d i a t i o n  
tim e, an e s s e n t i a l  c o n s id e ra t io n  i n  th e  sm all amount o f  tim e a v a i la b le  
and th e  n e c e s s i ty  o f  good c o u n tin g  s t a t i s t i c s .
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The e r r o r  o f  Axton*s and B a rd e ll* s  r e s u l t s  was e s tim a te d  to  be 
n o t more th a n  ^but th e y  c o n s id e re d  t h a t  even had t h i s  been  a
f a c to r  o f  2 , i t  would have been  a c c e p ta b le .  They s t a t e  t h a t  th e  
accuracy  o f  th e  n e u tro n  m easurem ent was d i f f i c u l t  to  a s s e s s  w ith o u t 
f u r th e r  in fo rm a tio n  w ith  a d d i t io n a l  sp h ere  s i z e s ,  which would be 
re q u ire d  f o r  u n fo ld in g  te c h n iq u e s  f o r  t h e i r  sp h e re s , an  e s s e n t i a l  
req u irem en t i f  b e t t e r  knowledge o f  th e  n e u tro n  spectrum  i s  to  be 
g a in ed .
As th e  e f f i c ie n c y  o f  th e  c o u n tin g  equipm ent was o f  th e  o rd e r  o f  
40% and th e  n eu tro n  f lu x  d e n s i t i e s  r e l a t i v e l y  h ig h , th e  d i f f i c u l t y  
p ro b ab ly  was due to  th e  lo n g  h a l f  l i f e  o f  th e  go ld  re a c tio n ) . I n  
f a c t ,  a t  th e  f lu x  d e n s i t i e s  co n cern ed , i t  should  be p o s s ib le  to  u se  
more sp h e re s  i f  th e  much s h o r te r  h a l f  l i f e  o f  indium  i s  u se d , and i f  
th e  machine could  be o p e ra te d  a t  a  maximum r a t e  o f  BOO radm in ^ f o r  
h a l f  an h o u r, i . e :  f o r  a t  l e a s t  one h a l f  l i f e .  T h is shou ld  produce
206
s u f f i c i e n t  a c t i v i t y  on th e  f o i l s  even on sm a lle r  s p h e re s . C e r ta in ly ,  
th e  induced  a c t i v i t y  on th e  f o i l s  would he s u f f i c i e n t ly  la rg e  to  he 
tak en  in to  accoun t i n  s ta n d a rd  n e u tro n  u n fo ld in g  c a lc u la t io n s .
I t  i s  no t c l e a r  from th e  p u b l ic a t io n  i f  th e  diaphragm s were •
f u l ly  open o r  i f  th e  phantom w as:dn  p o s itio n )  a t  th e  tim e o f  m easure-
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ment. However, th e  f ig u r e s  from th e  A xton and B a rd e ll  p a p e r , and 
th e  f ig u r e s  i n  t h i s  t h e s i s , '  can  he d i r e c t ly  com pared.’
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The Axton—B a rd e ll  p aper gave th e  i n  heam e s tim a te d  mean n eu tro n  
energy as  0 .8  MeV, and a  n eu tro n  BE to  Xray dose r a t i o  o f  0.0053*
T h e ir co rresp o n d in g  o u t o f  heam f ig u r e s  were 0 .75  MeV and 0.0025*
In  t h i s  th e s i s  th e  f ig u r e s  were f o r  th e  i n  heam c o n d it io n  0 .93  MeV 
es tim a ted  mean e f f e c t iv e  n e u tro n  energy and O.OO486 f o r  th e  n eu tro n  
DE to  Xray dose r a t i o .  For th e  o u t o f  heam cond ition ! th e  f ig u r e s  
were a g a in  0 .93  MeV w ith  0 .00291 . I f  th e  mean e f f e c t iv e  energy  o f  
th e  o u t o f  heam c o n d i t io n  i s  tak en  a t  90° (O .8 4  MeVJ, th e  o u t o f  heam 
n eu tro n  DE to  Xray dose becomes 0.00284*
I t  can  he seen  th a t  th e  i n  heam r e s u l t s ,  ex p ressed  a s  a  DE/main 
heam r a t i o ,  a re  i n  good agreem ent, b e in g  w ith in  — 9$* The o u t o f  
heam r e s u l t s  from th e  m oderated indium -phosphorus r a t i o  method a re  
g r e a te r  by  1 3 .to  16$, depending  upon th e  mean e f f e c t iv e  energy  usedc 
This cou ld  in d ic a te  t h a t  th e  mean e f f e c t iv e  energy f o r  th e  o u t o f  
heam c o n d it io n , used i n  t h i s  t h e s i s ,  i s  too  h ig h . I n v e s t ig a t io n s  
o u ts id e  th e  heam, w ith  diaphragm s c lo se d  down, were n o t p o s s ib le ,  and 
m oderated indium  phosphorus r a t i o  m easurem ents were o n ly  o b ta in e d  a t  
90°  to  th e  t a r g e t .
The low er av e rag e , o r  mean e f f e c t iv e  en erg y , o f  th e  n e u tro n
spectrum  o u ts id e  th e  heam, comnared to  th e  main heam n e u tro n
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spectrum , was d e te c te d  by Axton and B a rd e ll u s in g  th e  m u ltisp h e re  
method and by th e  a u th o r  u s in g  th e  m oderated indium  phosphorus r a t i o  
method. T able 3*12*4* P*97* T h is  was an im p o rtan t f in d in g ,  a s  a 
s ig n i f i c a n t  d e g ra d a tio n  i n  energy  o f  th e  n e u tro n  spectrum , p a r t i c ­
u la r ly  i n  th e  shadow o f  th e  f i e l d  d e f in in g  diaphragm s, would p roduce 
a low er DE c o n v e rs io n  f a c to r  f o r  th e  c a lc u la t io n  o f  p a t i e n t  DE f o r  
narrow tre a tm e n t beams*
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The tre a tm e n t head h as  v e ry  l i t t l e  hydrogenous m oderating  
m a te r ia l b u t a c o n s id e ra b le  amount o f  h igh  Z m a te r ia l .  The 
energy d e g ra d a tio n  m ust, th e r e f o r e ,  be caused  by n eu tro n  i n e l a s t i c  
s c a t te r in g  which can  o ccu r above 0 .6  to  0 .8  MeV f o r  Pb and F e , b u t 
fo r  W a t  a much low er energy  o f  ap p ro x im ate ly  0 .1  MeV.
1 0 3
McCall and Swanson, 1979* u s in g  Monte C arlo  m ethods, c a lc u la te d  
th e  energy  d e g ra d a tio n  o f  n e u tro n s  p a s s in g  through v a r io u s  th ic k ­
n esses  o f  h ig h  Z m a te r ia ls  from n eu tro n  s p e c tra  from a number o f  
so u rc e s .
In  th e  SL75—20 m achine, th e  th ic k n e s s  o f  s h ie ld  a t  90° to  th e  
ta r g e t  c o n s is t s  o f  a  maximum o f  5 cm* e f f e c t iv e  th ic k n e ss  o f  W, p lu s  
5 cm. e f f e c t iv e  th ic k n e s s  o f  Fb. I n  th e  shadow o f  th e  f i e l d  d e f in in g  
diaphragm s, th e  maximum e f f e c t iv e  th ic k n e s s  would be 10 cm. o f  W, p lu s  
10 cm. o f  F e , ( ig n o r in g  th e  a d d i t io n a l  th ic k n e s s e s  o f  h ig h  Z m a te r ia ls  
o f  th e  machine head assem bly , p ro b ab ly  n o t exceed ing  1 .5  cm. t o t a l ) .
10 3
The d a ta  o f  McCall and Swanson su g g e s ts  t h a t  an av erag e  energy  
d e g ra d a tio n  o f  ap p ro x im a te ly  2 .7 $  p e r  cm. f o r  Fb and 4% p e r  cnn. f o r  
W, can be tak en  p v e r  th e  e f f e c t iv e  d is ta n c e s  c o n s id e re d .
103 / XMcCall and Swanson a g ree  t h a t  th e  ( v*n) n eu tro n  spectrum  from 
m edical l i n e a r  a c c e le r a to r s  o f  th e  energy  ran g e  under c o n s id e ra t io n ,
. «s
approxim ates to  a  f i s s i o n  spectrum , and show th a t  f o r  a 15 MeV Xray
252beam, th e  spectrum  i s  s im i la r  to  a Cf f i s s i o n  spectrum  w ith  a 
degraded h ig h  en erg y  t a i l ,  i d e n t i c a l - t o  th e  f in d in g s  i n  t h i s  t h e s i s .  
F ig . 7 .1 .1 .
In  c o n t r a s t ,  th e  n e u tro n  spectrum  i s  c o n s id e ra b ly  energy  degraded
when p a s s in g  th ro u g h  th e  h ig h  Z m a te r ia ls ,  such a s  th e  c o l l im a to r
and f i e l d  d e f in in g  d iaphragm s. The p u b l ic a t io n  s t a t e s  t h a t  i f  one
m easures n e u tro n s  w ith  a  th re s h o ld  d e te c to r ,  c a l ib r a te d  a g a in s t  a 
252Cf s o u rc e , th e  r e s u l t s  would be c o n s id e ra b ly  o f f .
The phosphorus and alum inium  th re sh o ld  d e te c to r s  used  i n  t h i s  
th e s is  were n o t c a l ib r a t e d  a g a in s t  a n eu tro n  so u rc e , b u t  u t i l i s e d  
th e  recommended c ro s s  s e c t io n s  from th e  l i t e r a t u r e  which h as  been
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F ig . 7*1*1# The c a lc u la te d  n eu tro n  s p e c t r a l  changes from a 
15 MeV lineal*  a c c e le r a to r  heam a f t e r  p e n e t r a t in g  10 cm# o f  
tu n g s te n ,  compared to  a ^ ^ C f  f i  s s i  o n  spectrum . (McCall and 
Swanson, 1979*)
shown to  cover H ea lth  P h y sics  req u irem en ts  around a wide ran g e  o f
19high  energy  a c c e le r a to r  c o n d it io n s  and n e u tro n  s p e c t r a l  shapes#
These c o n s id e ra t io n s  n e c e s s i ta te d  a rev iew  o f  th e  m oderated 
indium -phosphorus r a t i o  m easurem ents o f  C hap ter 3 , p a r t i c u l a r l y  as  
th e  s tro n g  ev idence o f  a r a p id ly  f a l l i n g  energy  spectrum  ahove 1 MeV, 
would c o n s id e ra b ly  a l t e r  th e  r e s u l t s ,  due to  th e  s te e p ly  r i s i n g  
c ro ss  s e c t io n s  o v er th e  th re sh o ld  energy ran g e  o f  bo th  d e te c to rs#
Assuming a f i s s i o n  spectrum  o f  th e  form # . . # . #
N(E) = C S in  h e • • • • • •  Eq. 7*1*2.
Where E = The en ergy  o f  th e  n eu tro n s  i n  MeV
and C = A c o n s ta n t
209
With AE i n  1 MeV i n t e r v a l s  to  a maximumi o f  16 MeV, th e  average 
c ro ss  s e c t io n  i n  each energy  i n t e r v a l ,  to g e th e r  w ith  th e  a p p ro p r ia te
■ J l  OT
average f lu x  d e n s i ty ,  may be ta b u la te d  f o r  th e  P (n ,p ) Si r e a c t io n ,  
Table 7*1 .1* , and th e  ^ A l( n * a ) 2^Na r e a c t io n ,  Table 7*1*2.
TABLE 7 .1 .1 .
THE EFFECTIVE CROSS SECTION FOR THE 31P (n ,p )31Si REACTION 
ASSUMING A FISSION NEUTRON SPECTRUM
A E 
MeV
crave
mb
O ave
-2  -1ncm s r
x 106
Cs
a r b .  u n i t s pl 
x 10“ ^
1 -  2 1 3*6 3*6
2 - 3 50 2 .0 100
3 - 4 85 1 .2 102
4 - 5 110 0 .6 66
5 - 6 ; 120 0 .2 8 33*6
6 -  7 125 0.15 18.75
7 - 8 125 0 .0  6 7*5
8 - 9 125 0.03 3*75
9 - 1 0 125 0.013 1 .625
1 0 - 1 1  . 125 0.006 0.75
11 -  12 123 0.0028 0 .3 4 4
12 -  13 115 0.0011 0.1265
13 -  14 110 0.00055 O.O6Q5
14 -  15 101 0.00028 0.028
15 -  16 90 0.00011 0.0099
From th e  a c t iv a t io n  E quation  3*2 . 6 . ,  p*55, ig n o r in g  th e  co u n t­
in g  c o n s ta n ts ,  i t  i s  seen  th a t  count s a tu r a t io n  i s  d i r e c t l y  p rop­
o r t io n a l  to  th e  p ro d u c t o f  th e  f lu x  d e n s ity  and th e  used  c ro s s  
sections.
^ sa t°*  ® ^ . . . . . .  Eq• 7*1*3*
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Expanding fo r  the ^ P ( n ,p ) ^  Si rea c tio n   .........
E = 16 MeV E « 16 MeV
c . . . n = Z 0  (E)  A E • Z o  (E )aEs a t  t o t a l  avev ' avev '
E = 1 MeV E = 1 MeV
. . . . . .  Eq. 7*1*4*
The in te rm e d ia te  v a lu e  f o r  C f o r  AE i s  g iven  i n  th e  f i n a ls
column o f  T able 7*1 .1 '.
The av erag e  e f f e c t iv e  used c ro ss  s e c t io n  f o r  t h i s  r e a c t io n ,  
assum ing a f i s s io n  spectrum , i s  th e re fo re  . . • • • •
—21
°  a v e . e f f • = —  = 42 .5  mb.  Eq. 7 .1 .5 *
7.94  * 10°
TABLE 7 .1 .2 .
THE EFFECTIVE GROSS’ SECTION FOR THE 27A l( n ,a ) 24Na REACTION 
ASSUMING A FISSION NEUTRON SPECTRUM
a e
MeV
0  ave 
mb •
O ave
-2  -1ncm s r-
* 105
Cs
.a rb . u n i t s p, 
x l O ^ 1
6 - 7 10 1 .5 1 .5
7 - 8 26 0 .6 1 .56
8 - 9 43 0 .3 1 .29
9 - 1 0 54 0.13 0.702
10 -  11 64 0.06 0.384
11 -  12 80 0.028 0.224
12 -  13 116 0.011 0.1276
13 -  14 116 0.0055 0.0638
14 -  15 110 0.0028 0.0308
15 -  16 100 0.0011 0.011
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For the ^ A l(n ,a)^ ^ N a r e a c tio n
E = 16 MeV E = 16 MeV
Cs a t  . to ta l
E = 6 MeV E = 6 MeV
•  • •  • • t Eq# 7f*l*6#
The in te rm e d ia te  v a lu e  for- Cg f o r  AE i s  g iv en  i n  th e  f i n a l  
column o f  T ah le  7*1*2.
The av erag e  e f f e c t iv e  used  c ro s s  sec tio n ] f o r  t h i s  r e a c t io n ,  
assum ing a  f i s s io n  spectrum , i s  g iven  b y  .
I t  can  he seen  th a t  th e  e f f e c t iv e  c ro s s  s e c t io n  f o r  th e se  
th re sh o ld  d e te c to r s  w ith  an assumed f i s s io n  spectrum  d i f f e r s  con­
s id e ra b ly  from th e  commonly used  recommended v a lu e s  f o r  unknown 
a c c e le r a to r  sp e c tra#  T h is  in d ic a te s  t h a t  th e  phosphorus r e s u l t s  
g iven  i n  t h i s  t h e s i s  a r e  too  low by a  f a c to r  o f  2 .5 $ , and th e  
aluminium r e s u l t s  to o  low by a f a c to r  o f  3*59
I t  i s  a ls o  c l e a r  from T able  7*1*1** t h a t  th e  e f f e c t iv e  th re s h o ld  
o f  th e  phosphorus d e te c to r  i s  a t  2 MeV, and n o t a t  3 MeV, th e  v a lu e  
g e n e ra l ly  quoted  i n  th e  l i t e r a t u r e .
The alum inium  r e s u l t  w i l l  n o t g r e a t ly  a f f e c t  th e  c o n c lu s io n s  
a lre a d y  s t a t e d ,  b u t th e  phosphorus r e s u l t  cou ld  modify th e  mean 
e f f e c t iv e  e n e rg ie s  g iv e n  i n  T able  3*12#4*
The m oderated indium  was c a l ib r a te d  w ith  AmBe n e u tro n s , b u t  i t
m ight have been  more a p p ro p r ia te  to  have c a l ib r a te d  th e  d e te c to r  
252a g a in s t  Cf n e u tro n s . However, th e  re sp o n se  over th e  energy  
range o f  0 .1  MeV to  5 MeV i s  r e l a t i v e l y  f l a t ,  a s  shown i n  F ig .
3#3*1* T h e re fo re , no change i s  n e c e ssa ry  to  th e  m oderated indium  
c a l ib r a t io n  f a c t o r .
° a v e .e f f . 5 .8 9  x  10~21 
2 .638 x  105
22.3  mb. Eq. T(, 1.7*
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Model n eu tro n  s p e c t r a ,  a s  g iv e n  i n  T able 3 .1 2 .3 * , can  be ta b ­
u la te d  a g a in , b u t w ith  th e  spectrum  h ard n ess  r a t i o  g iv en  by th e  
n eu tro n s  o v er th e  whole energy  ran g e  as  b e fo re  to  th e  n eu tro n s  
above 2 MeV. The mean e f f e c t iv e  energy i s  reached  by d iv id in g  
th e  f lu x  i n  each energy  i n t e r v a l  by th e  a p p ro p r ia te  DE co n v e rs io n  
f a c to r  f o r  each energy  i n t e r v a l  and summing th e  r e s u l t s  to  o b ta in  
a t o t a l  DE, a s  g iv en  i n  E qua tion  3 .12 .5*  By d iv id in g  th e  t o t a l  
f lu x  by th e  t o t a l  DE, a mean e f f e c t iv e  DE co n v ersio n  f a c to r  i s  
o b ta in e d , a s  g iv en  i n  E quation  3 .1 2 .6 .  Checking th is"  f ig u re  
a g a in s t  th e  recommended ta b le  o f  DE co n v ersio n  f a c to r s  a g a in s t  
energy f o r  m onoenergetic  n e u tro n s , P ig . 3*12.3* , g iv e s  th e  a p p a ren t 
mean e f f e c t iv e  en e rg y .
I t  shou ld  be s ta t e d  th a t  th e  most im p o rta n t f a c to r  h e re ,  i s  n o t 
th e  mean e f f e c t iv e  energy , b u t th e  ap p a ren t mean e f f e c t iv e  DE con­
v e rs io n  f a c t o r ,  which has been changed over th e  y e a rs  i n  r e s p e c t  to  
energy . I t  was, th e r e f o r e ,  n e ce ssa ry  to  u se  i n  th e  c a lc u la t io n s
4(
th e  most r e c e n t  co n v e rs io n  f a c to r s ,  g iv en  i n  ICRP 21, am t. 15, 1 9 ? ! , 
and n o t th e  f ig u r e s  g iv en  i n  Fig* 3*12 .3 . F u rtherm ore , McCall and
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Swanson averaged  th e  ICRP 21 DE co n v ersio n  f a c to r s  over s p e c tra  
from a la r g e  v a r i e ty  o f  n eu tro n  so u rc e s . The l e a s t  sq u a re s  f i t  
i s  shown a s  a  d o tte d  l i n e  i n  F ig .  7*1*2.
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F ig . 7*1*2. The m onoenergetic n eu tro n  DE co n v ersio n  f a c to r  
a g a in s t  energy g iv en  by ICRP 21, am t. 15* 46
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The re v is e d  t a b le  o f  spectrum  h ard n ess  r a t i o  a g a in s t  MEE 
u s in g  f i s s io n ' s p e c t r a l  shapes as  b e fo re , b u t  now extended to  in c lu d e ; 
th e  Monte C arlo  energy  degraded s p e c tra  from a l in e a r  a c c e le r a to r ,  
i s  g iv en  i n  T able  7 .1 .4 .  (The energy d if f e r e n c e  betw een th e  15 MeV 
r e s u l t s  from  th e  Monte C arlo  c a lc u la t io n s  and th e  SL75-20 16 MeV 
c o n d itio n  has been ig n o red * )
TABLE 7 * 1 . 4 .
THE HARDNESS RATIO AND THE MEAN EFFECTIVE ENERGIES.) OF A 
NUMBER: OF. MODEL SPECTRA
Model N eutron 
S p e c tra
E @ 2 . 5$  <p(e) v max 'max
MeV
Spectrum Hardness 
R a tio  
0 » 1  eV 
0 > 2  MeV
Mean E f f e c t iv e  
Energy
MeV
7 ( f i s s ) ' 2 .9 0.87
6 3 .3 0.83
5 4 .6 0.75
4 7 .3 O.67
Model N eutr6n  
S p e c tra
C a lc u la te d  with a id
frcrm Monte C arlo
Morse d a ta
15 MeV B are 4 .28 0.76
15 MeV v i a  10 cm* ¥ 11.55 0.57
15 MeV v i a  10 cm. ¥
i n  c o n c re te  room 20.28 0.54
T his a llo w s  th e  r a t i o  to  be p lo t te d  a g a in s t  mean e f f e c t iv e  
energy , a s  shown i n  Fig# 7 .1 .3 .
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M.C. linac energy degraded  
a  spec tra  = a20
f i s s io n  shaped
s p e c tr a =  o
10
MeV
F ig . 7 .1 .3 .  The h a rd n ess  r a t i o  p lo t te d  a g a in s t  th e  mean 
e f f e c t iv e  energy  in c o rp o ra t in g  h o th  model fissio ifc  shaped 
s p e c tr a  and Monte C arlo  l i n e a r  a c c e le r a to r  degraded sp e c tra '.
Having a d ju s te d  th e  phosphorus r e s u l t s  g iv en  i n  T ab le  3 .1 2 .4 * , 
p . 97, f o r  th e  new used  c ro s s  s e c t io n ,  th e  m oderated indium  phosphorus 
r a t i o  o b ta in e d  from th e  SL75-20, may be r e ta b u la te d  a s  shown i n  
Table 7 .1 .5 *
I t  can  be seen  th a t  th e  av erag e  MEE a t  0° i s  0.635 MeV — 2 .4 $
and a t  9 0 ° , 0.555 MeV -  1$ . The MEE o f  th e  spectrum  a t  9 0 ° , t h a t
i s ,  o u ts id e  th e  main beam, h av in g  t ra v e rs e d  c o n s id e ra b le  amounts o f
high  Z m a te r ia l ,  i s  1 2 .6 $  l e s s  th a n  th e  MEE energy o f  th e  main beam,
91
double th e  d i f f e r e n c e  f ig u r e  g iv e n  by Axton and B a rd e l l ,  a lth o u g h  i t t
should  be no ted  t h a t  th e  e s tim a te d  mean n e u tro n  energy o f  Axton and 
91
B a rd e ll ,  has  n o t q u i te  th e  same meaning a s  th e  ap p a ren t mean e f f e c t iv e
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TABLE 7 .1 .5 *
THE MODERATED INDIUM-PHOSPHORUS RATIO OBTAINED PROM THE
SL75-20 UNEAR ACCELERATOR:
DISTANCE
cm#
ANGLE
Degs#
mod ^ ^ I n (  n . P ^ ^ I n  
31P ( n ,p ) 31Si
RATIO MEE
MeV
60 0 7 .2  x 105 
9 .96  x 104
7.23 O.65O
7° 0 5 .6  x 105 
7 .33 x  104
7 .64 O.64O
80 0 4 .3  x 105 
5 .6 0  x  104
7 .6$ O.64O
90 0 3 .6  x  10^ 
4 .4 4  x  104
8 .11 0.625
100 0 3 .0  x 105
3.59 x  104
8.36 0 .620
40 9 ° ' 8 .4  x  105
6 .5 0  x  104
12.92 O.56O
50 -90 6 .1  x  105 
4 .15  x  104
14 .70 0.555
60 90 4 .9  x  105 
2*89 x  104
I 6.96 0 .550
91
n eu tro n  energy g iv e n  i n  t h i s  th e s is #  Axton and B a rd e ll  u sed  dose
1 0 5
e q u iv a le n t co n v e rs io n  f a c to r s  from  an  NRCP p u b lic a t io n ' which appear 
to  d i f f e r  s l i g h t l y  from ICRP 2 1 , a lth o u g h  t h i s  may be sy stem atic#
I t  can  be seen  t h a t  th e  spectrum  i n  th e  main ,beam i s  a ls o  energy  
degraded by a  s u r p r i s in g ly  la r g e  amount. T h is  cou ld  be ex p la in ed  
by c o n s id e r in g  th e  p rim ary  c o l l im a to r  a s  th e  main t a r g e t  m a te r ia l ,  
as  su g g ested  i n  t h i s  t h e s i s ,  C hap ter 1 , p . 21# The n e u tro n s
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produced i n  th e  m a te r ia l  "by th e  main photon  heam, cou ld  he p a r t i a l l y  
degraded hy th e  m a te r ia l ,  and th e n  emerge in to  th e  main heam*
I t  i s  i n t e r e s t i n g  to  o b serv e  t h a t  i n  T ah le  7*1*5» th e  in c r e a s in g  
or a t i o  a t  90 a t  in c r e a s in g  d is ta n c e s  from th e  t a r g e t ,  t h a t  i s ,  i n  
th e  d ire c tio n s  o f  th e  c o n c re te  s h ie ld  w a ll ,  th e  measured r a t i o  ap p ears  
to  he app roach ing  th e  c a lc u la te d  r a t i o  o f  th e  s e v e re ly  degraded - 
s p e c t r a l  shape g iv e n  hy th e  Monte C arlo programme f o r  n e u tro n s  t r a v ­
e rs in g  dense m a te r ia l  i n  a c o n c re te  room*
Having a d ju s te d  th e  co n v e rs io n  f a c to r s  o f  th e  m easurem ents, th e
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r e s u l t s  can now he d i r e c t l y  compared w ith  A xton*s and B a rd e ll* s  work* 
The f ig u r e s  a re  g iv e n  i n  T ahle 7*1*6*
Comparison o f  h o th  th e se  r e s u l t s  can a ls o  he made w ith  th e  
a c c e le r a to r  s p e c t r a l  shapes produced hy th e  Monte C arlo  data*
Tahle 7*1*7*
I t  can he seen  t h a t  th e  SL75—20 f ig u r e s  a r e  low er th a n  th e
9 1  O  rtfAxton and B a rd e ll  f ig u r e s  hy 18% fo r  th e  i n  heam co n d itio n *  and 8% 
f o r  th e  o u t o f  heam c o n d itio n *  The co rre sp o n d in g  f ig u r e s  f o r  th e  
SL75-20 machine a g a in s t  th e  M onte^Carlo d a ta  i s  low er hy 13% f o r  th e  
i n  heam co n d itio n ^  and low er' hy 4*2% f o r  th e  o u t o f  heam c o n d itio n *
The SL75-20 o u t o f  heam f ig u r e s  co rresp o n d  v e ry  w e ll w ith  th e  
ex trem ely  degraded spectrum  produced hy th e  Monte C arlo  da ta*  The 
m a jo rity  o f  th e  m easurem ents were i n  f a c t  conducted  i n  th e  r e l a t i v e l y  
sm all c o n c re te  t e s t  hu n k ers  o f  th e  MEL f a c to r y ,  which would a ls o  
e x p la in  why th e  m ain heam energy  i s  degraded  more th a n  m ight he 
expected*
C o n sid erin g  th e  d i f f e r e n t  methods used and th e  e r r o r s  in v o lv e d , 
th e  f ig u r e s  a re  a l l  i n  v e ry  good agreem ent, i n  p a r t i c u l a r ,  a l l  th e  
o u t o f  heam r e s u l t s  which a re  w ith in  -  6% o f  th e  av erag e  v a lu e ,  and 
th e  i n  heam r e s u l t s  which a r e  w ith in  — 12% o f  th e  av erag e  va lue*
In  C hapter 3 , th e  whole hody p a t i e n t  dose was c a lc u la te d  w ith  
th e  f i e l d  d e f in in g  diaphragm s f u l l y  open, u s in g  th e  f a c t o r s  o b ta in e d  
i n  th e  main heam. The new f ig u r e  o f  0*435 f o r  n e u tro n  c o n ta m in a tio n
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TABLE 7 .1 .6 .
COMPARISON OF RESULTS OBTAINED FROM MEL ACCELERATORS’ 
USIN& THE MULTI SPHERE METHOD; AND THE MODERATED 
INDIUM—PHQS PHORUS METHOD
MULTISPHERE METHOD'
E s t im a t e d  M ean 
N e u t r o n  E n e rg y  
MeV
I n  Beam O u ts id e  Beam
0 .8 0 0.75
N e u t r o n  DE 
X ra y  D ose 0.0053 0.0025
(Axton and B a rd e l l ,  1972) 91
MODERATED INDIUM PHOSPHORUS METHOD)
A p p a r e n t  M ean 
N e u t r o n  E n e rg y  
MeV
I n  Beam O u ts id e  Beam
0.635 0 . 5 5 5  ( a t  9 0 ° )
N e u t r o n  DE 
X ra y  D ose 0 ..00435 • 0 . 0 0 2 3
TABLE 7 .1 .7 .
** ACCELERATOR: MONTE CARLO DATA
A p p a r e n t  M ean 
n e u t r o n  E n e rg y  
MeV
I n  Beam O u t s id e  Beam 
v i a  10 cm . ¥
O u t s id e  Beam 
v i a  10 cm . ¥  
i n  c o n c r e t e  
room
0 .7  6 0 .5 7 0 .5 4
N e u t r o n  BE 
X ra y  D ose 0.005  * 0 .0024 * 0.00229 *
1 0 3
** C a lc u la te d  w ith  th e  a id  o f  d a ta  from Morse Programme#
* The f lu x  d e n s i ty  d a ta  from th e  m oderated indium  m easurem ents 
o b ta in e d  from th e  SL75-20 machine a re  used  i n  th e  c a lc u la t io n s #
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i s  low er by o n ly  1 0 .5 $  from th e  p rev io u s  v a lu e .  In  th e  shadow o f  
th e  f i e l d  d e f in in g  diaphragm s th e  new f ig u r e  o f  0 .2 3 $  n eu tro n  con­
tam in a tio n  i s  21$ low er th an  th e  i n i t i a l  f ig u r e ,  u s in g  th e  p re v io u s  
main heam MEE, and low er hy 19$* u s in g  th e  p re v io u s  MEE a t  90 ° 9
From th e  fo re g o in g  d a ta , i t  i s  now p o s s ib le  to  c a lc u la te  th e
s h ie ld in g : req u ire m e n ts  to  red u ce  th e  p a t i e n t  dose i n  th e  shadow o f
th e  f i e l d  d e f in in g  diaphragm s f o r  sm all tre a tm e n t beams. T able
7f»l1#8 . Where DE^.^  i s  th e  n e u tro n  head le a k a g e , and D E ^ i s  th e
gamma head le a k a g e , a s  g iv en  i n  page 172. The n eu tro n  DE h a l f  v a lu e  *
1 0 9th ic k n e ss  i s  e s tim a te d  from d a ta  su p p lie d  by S toddard  and Hootman,
- 2521 71*' on th e  s h ie ld in g  o f  Cf s o u rc e s . The d a ta  f o r  p o ly th en e
has been compared to  th e  d a ta  f o r  p a r a f f in  a f t e r  th e  n e u tro n  r a d i a t io n  
252from Cf h as  t r a v e r s e d  3 in c h e s  o f  s t e e l .  The v a lu e  o b ta in e d  i s  
4*2 cm ., which com pares c lo s e ly  to  th e  v a lu e  o f  4*5 cm. f o r  b road  beam
4 6
f i s s i o n  n e u tro n s  th ro u g h  p o ly th e n e  s la b s ,  g iv e n  i n  ICRP 21, am t.15*
F o r th e  gamma contam ination], th e  MEE i s  tak en  as -gE , t h a t  i s
46 ' raax
5*33 MeV, which from  ICRP 21, g iv e s  a  mass a b s o rp tio n  c o e f f i c i e n t  o f
2 —1 i —30.019 cm g The d e n s i ty  o f  p o ly th en e  i s  tak en  as 0*96 gem •
The a p p ro p r ia te  b u i ld  up f a c to r s  have been ta k e n  from th o se
16g iven  f o r  w a te r i n  BS 4094* p a r t  1 , 1966.
The e f f e c t  o f  a  p o ly th en e  s h ie ld  on th e  n eu tro n  and gamma head 
leak ag e  i s  g iv en  i n  F ig .  7*J1*4*
I t  can  be seen  t h a t  th e  " d e s ir a b le "  l e v e l  o f  0 .1 $  c o n ta m in a tio n  
can be ach iev ed  by  5*2 cm. o f  p o ly th e n e  f o r  n eu tro n  DE c o n tam in a tio n , 
and 18 cm. o f  p o ly th e n e  f o r  t o t a l  DE co n tam in a tio n . As s ta t e d  i n  
C o nclusions, p.193* t h i s  cou ld  be i n  th e  form o f  a  s im p le  movable 
s c re e n , mounted on a  t r o l l e y ,  which need be p laced  i n  p o s i t io n ,  
between th e  p a t i e n t  and th e  machine head , o n ly  when th e  16 MeV beam 
i s  i n  o p e ra t io n .  I t  i s  n o t n e c e ssa ry  to  a l t e r  th e  d e s ig n  o f  th e  
tre a tm e n t head to  in c o rp o ra te  n eu tro n  sh ie ld in g *
* I t  sh o u ld  be n o ted  th a t  th e  p re v io u s  p o ly th en e  a t te n u a t io n  f ig u r e ,  
g iven  on page 172, was i n  term s o f  absorbed  do se .
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TABLE 7 .1 .8 .
THE EFFECT OF POLYTHENE SHI EL DING; IN  REDUCING; TREATMENT HEAD 
DE CONTAMINATION TO THE PATIENT FOR SMALL TREATMENT BEAMS
No. o f  HVT o f  
p o ly th en e 0 1 2 3 4 5 *
T hickness o f  
p o ly th en e  cm. 0 4 .2 8 .4 12.6 16 .8 21
nhl ' 
contam i n a tio n ^  
o r  remmini 0 .23 0.115 O.058 0.0288 0.0144 0*0072
DEh i *
c o n ta m in a tio n  
o r  renm iin - 
o r  rad m in 0 .1 0.107 0.102 0.095 0.093 0.086
DE, , _ t o t a l 0 .33 0.222 0.160 0 .124 0.107 0.093
10
10
LU
10 1410
c m
F ig . 7 .1 .4 .  T h e 'n e u tro n  DE: leak ag e  and th e  t o t a l  neutron-gamma 
DE le a k a g e  a g a in s t  p o ly th en e  th ic k n e s s  i n  th e  shadow o f  th e  f i e l d  
d e f in in g  diaphragm s f o r  sm all tre a tm e n t beams a t  a  maximum photon  
energy o f  16 MeV.
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I t  should  n o t "be fo rg o t te n  t h a t  th e  t o t a l  p a t i e n t  dose i s  a lso  
added to  hy  two f u r t h e r  com ponents, t h a t  produced by th e  tre a tm e n t 
beam i n t e r a c t in g  w ith  th e  body, e s tim a te d  as  a maximum o f  0 .0 1 $ ,
and th a t  o f  th e  n eu tro n s  produced by th e  main tre a tm e n t beam;
in te r a c t in g  w ith  th e  dense m a te r ia ls  o f  th e  tre a tm e n t t a b l e ,  e s tim ­
a ted  as  a  maximum o f  0*054$* As s ta te d  i n  C onclusions,* t h i s '  l a t t e r  
component co u ld  be reduced  to  l e s s  th a n  0*002$ by  u s in g  aluminium! 
i n  p la c e  o f  i r o n  o r  s te e l*  F or narrow  tre a tm e n t beams, th e  v a lu e  
o f  w i l l  b e , o f  c o u rse , c o n s id e ra b ly  l e s s  th an  th e  maximum!*
1 0 3
McChll and Swanson su b m itted  an a b s o lu te  p r e d ic t io n  cu rve  o f  th e  
maximum n e u tro n  f lu e n c e  to  th e  u s e fu l  pho ton  dose a t  a  d is ta n c e  o f  
100 cm. F or a  16 MeV beam, th e  d a ta  p roduces a  f ig u r e  o f  
9*0 x 10^ ncm*"^rad""^, b u t th e  m easurem ents on th e  SL75""20 m achine, 
u s in g  th e  m o d ^ ^ I n ( n ,F ) ^ ^ I n  a c tiv a tio n ?  d e te c to r ,  gave 
1 .8  i  0 .1 8  x  10^ ncm*~^rad""^, p . 193, a  f a c to r  o f  2 h igher*  M easure­
ments g iv en  i n  th e  p u b l ic a t io n  f o r  a v a r i e t y  o f  l i n e a r  a c c e le r a to r s ,
were found to  f a l l  w ith in  a f a c to r  o f  3 o f  th e  cu rv e . I t  i s  sugg -
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es te d  by McCall and Swahson t h a t  s ig n i f i c a n t  d e v ia t io n s  above th e  
p re d ic t io n  cou ld  be due to  p a r t i a l  l o s s  o f  e le c t r o n  beam b e fo re  i t  
s t r ik e s  th e  t a r g e t .
They a ls o  found t h a t  th e  av erag e  energy  o f  th e  s c a t te r e d  n e u tro n s  
i n  a c o n c re te  room was c a lc u la te d  to  be ab o u t 0 .2 4  o f  th e  av erage  
energy o f  th e  p rim ary  beam. The m easurem ents g iv en  i n  t h i s  t h e s i s ,  
taken  a t  th e  mouth o f  th e  l a b y r in th ,  u s in g  a c t iv a t io n  d e te c to r s ,  
n u c le a r  em ulsions and co u n tin g  equipm ent, gave a  mean e f f e c t iv e  
energy o f  0 .1  MeV, which i s  i n  good ag reem en t.
1 0 3
McCall and Swanson a ls o  c a lc u la te d  t h a t  th e  s c a t te r e d  component 
can make up t o . 20$ d if f e r e n c e  i n  th e  f lu e n c e  m easurem ents, b u t  
c o n s id e ra b ly  l e s s  to  th e  p a t i e n t  d o se . T h is  i s  s u b s ta n t ia te d  by 
th e  m easurem ents i n  t h i s  t h e s i s .  However, i f  th e  tre a tm e n t head 
i s  p o in t in g  down on th e  p a t i e n t  tow ards a  c o n c re te  f l o o r ,  th e  
measurements show t h a t  th e  t o t a l  p a t i e n t  dose due to  le a k a g e , -would 
be s ig n i f i c a n t l y  in c re a s e d ,  and a  20% c o n tr ib u t io n  by n e u tro n s  
s c a t te re d  back from th e  f lo o r  from  a wide tre a tm e n t beam co u ld  be 
expec ted .
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I t  was p re v io u s ly  s ta te d  t h a t  i t  i s  d i f f i c u l t  to  make d i r e c t  
com parisons w ith  m easurem ents conducted on a c c e le r a to r s ,  u s in g  
d i f f e r e n t  modes o f  o p e ra tio n  and in c o rp o ra t in g  d i f f e r e n t  e x t r a c t io n  
mechanisms, p a r t i c u l a r l y  where v e ry  much h ig h e r  e n e rg ie s  th an  16 MeV 
a re  in v o lv e d . However, i n d i r e c t  com parisons, w ith  th e  r e s u l t s  
o b ta in ed  from b e ta t r o n s  and ex p erim en ta l h igh  energy a c c e le r a to r s ,  
could prove u s e fu l  i n  th e  o v e r a l l  a n a ly s is .
Of c o n s id e ra b le  i n t e r e s t  a r e  th e  la b y r in th  measurem ents o f
108
Stevenson and S q u ie r , 1973> which were c a r r ie d  o u t on a  p ro to n
108
a c c e le r a to r  o p e ra tin g  i n  th e  (?eV re g io n , S tevenson and S q u ier used 
an a c tiv a tio n ^  th re s h o ld  d e te c to r  s e t  c o n s is t in g  o f  • • • • , ,
197A u(n ,F )198AU 
27A l(n ,a r)24Ha 
19F (n ,2 n ) l8 F 
and ^2C (n ,2 n ) ‘^ C '
f o r  th e rm a l n eu tro n s  
f o r ' n e u tro n s  g r e a te r  th a n  6 MeV 
f o r 1 n e u tro n s  g r e a te r  th a n  11 MeV 
f o r  n e u tro n s  g r e a te r  th a n  20 MeV
The ex p erim en ta l la y o u t i s  shown i n  F ig ,  7.1*5'
Plan view
s e c o n d a ry  b e a m s second
straight section
m m r
p ro to n s
F ig . 7*1*5• Elxperim ental la y o u t used to  s tu d y  th e  tra n sm is s io n  
o f  n e u tro n s  around r i g h t  an g led  b en d s. (S tevenson  and S q u ie r ,
1973) 108
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The i n i t i a l  s t r a i g h t  s e c t io n  was 11 m etres  i n  le n g th  and extended 
a f u r th e r  8 m etres a f t e r  th e  r i g h t  ang led  bend . The r e s u l t s  a re  
shown i n  F ig ,  7'* 1,6.,
o
oo
co'*75
V)
Em
co D efector  reactiont—
-5
D is ta n c e  into 2nd leg^
0 5  10 15
C e n t e r -  line d is tan c e  from tunnel m ou th  (m)
20
F ig , 7*1*6. R e la t iv e  tra n sm is s io n  o f  p a r t i c l e  f lu x  d e n s i ty  
a lo n g  tu n n e l la y o u t shown i n  F ig ,  7*1*5• (S tevenson  and S q u ier
1973 ) 108
I t  can  he seen  t h a t  a l l  th e  n eu tro n  components a re  degraded  more 
r a p id ly  a f t e r  th e  bend, and th e  h ig h e r  th e  energy  th e  more marked 
th e  e f f e c t .
The r e s u l t s  o b ta in e d  i n  th e  SL75~20 la b y r in th  resem b les  t h i s  
e f f e c t  q u i te  c lo s e ly ,  and i n  C hapter 4 i t  was reco rd ed  t h a t  th e  f a s t  
n eu tro n  component was r a p id ly  a t te n u a te d  a f t e r  p a s s in g  th e  bend, i n  
f a c t ,  i t  com prised 50% o f  th e  t o t a l  n eu tro n  DE a t  th e  bend , d ro p p in g
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to  10% a t  a d is ta n c e  o f  on ly  3 m etres  down th e  la b y r in th #  Fig# 6 .6 .2 .
and Fig# 6#6# 3# g iv in g  th e  n e u tro n  tra n sm is  s i  on  f a c to r s  a lo n g  s t r a i g h t
s e c tio n s  and r i g h t  ang led  bend l a b y r in th s ,  a ls o  c l e a r ly  show th e  more
ra p id  a tte n u a tio n !  o f  th e  f a s t  n e u tro n  com ponent. S tev en so n ’ s  and 
108S quier*s m easurements showed t h a t  even a t  v e ry  high  i n i t i a l  a c c e le r ­
a to r  e n e rg ie s ,  therm al n e u tro n  s tream in g  e f f e c t s  a re  of- prim e im p o rt— 
ancej a  c o n c lu s io n  i d e n t i c a l  to  th e  f in d in g s  re p o r te d  i n  t h i s  th e s is #
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S tran d en , i n  1977* measured th e  induced  a c t i v i t y  b ro u g h t abou t i n
p a tie n t*  s body produced by a 45 MV Xray b e ta t r o n  beam# M easurements
were a ls o  c a r r ie d  o u t on a  number o f  su b s ta n c e s , in c lu d in g  p a r a f f in ,
ammonium c h lo r id e ,  ca lc iu m , phosphorus, p o tass iu m  c h lo r id e ,  sodium
c h lo r id e  and d i s t i l l e d  w a te r , a s  w ell a s  th e  human body# A f te r  i r r a d 4-
i a t i o n  o f  w a te r , a c t i v i t i e s  w ith  h a l f  l i v e s  o f  1 , 2 , 10 and 20 m inutes
we]
U ,
ere d e te c te d , which co rresp o n d s  to  th e  is o to p e s  o f  ^40 , ^ 0 ,  ^3N and
'C.
A pplying gamma sp ec tro sco p y  methods on p a t i e n t s  s e v e ra l  m inutes 
a f t e r  an i r r a d i a t i o n  o f  250 r a d s ,  a  gamma spectrum  was o b ta in e d  w ith  
a predom inant 0#51 MeV a n n ih i la t io n  peak , which co rresp o n d s  to  th e  
a c t i v i t y  produced by *^0, "*"40 , "^C, *^3N and 3^P. Peaks were a ls o  
o b ta in ed  a t  =2il MeV and 2 .3  MeVw • These were co n s id e red  to  be due to  
23C1, 38Km, 3°P and 140 .
M easurements were re p e a te d  4 h ou rs  a f t e r  i r r a d i a t i o n ,  and photo  
peaks a t  1 .4  MeV and 2*75 MeV o f  2V  were i n  ev id en ce .
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S tran d en  c a lc u la te d  th e  whole body dose f o r  a  75 k g . p a t i e n t  and 
o b ta in ed  a  f ig u r e  o f  0 .4  mrads f o r  a  10 cm. x  10 cm. f i e l d .  From 
p a t ie n t  dose p o in t  o f  v iew , t h i s  i s  i n s i g n i f i c a n t ,  b u t th e  m easure­
ments a r e  i n t e r e s t i n g  i n  t h a t  i t  i s  e s ta b l i s h e d  th a t  even w ith  r e l a t ­
iv e ly  low a c t iv a t io n  c o n d i t io n s ,  t h a t  i s ,  ( f , n )  r e a c t io n s  i n  m a te r ia ls  
having: r e l a t i v e l y  low (p ,n )  c ro s s  s e c t io n s  a t  low f lu x  d e n s i ty ,  a 
c e r ta in  amount o f  a c t iv a t io n  a n a ly s is  can  be ach ie v e d . I t  i s  c l e a r ,  
th e r e fo re ,  t h a t  u s in g  th e  SL75—20 ex p e rim e n ta l beam f a c i l i t y  a s  a 
n eu tro n  g e n e ra to r  p ro d u c in g  h ig h  f lu x  d e n s i t i e s  and in d u c in g  ( n , y )  
high c ro s s  s e c t io n  r e a c t io n s ,  a c t iv a t io n  a n a ly s is  o f  body t i s s u e  f o r  
d ia g n o s tic  in v e s t ig a t io n s  i s  r e a d i ly  a c h ie v a b le .
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S tran d en , i n  a s e p a ra te  in v e s t ig a t io n  i n  1977, c a r r ie d  o u t 
mesurements to  a s c e r ta in  th e  d i r e c t  dose to  th e  p a t i e n t  from th e  
prompt n e u tro n s  b ro u g h t abou t by (P ,n )  r e a c t io n s  a r i s in g  from th e  
tre a tm e n t beam in t e r a c t in g  w ith  th e  h igh  Z m a te r ia l  i n  th e  machine 
p a r t s .  A c tiv a tio n : 'th re sh o ld  d e te c to r s  were used as  fo llo w s  • • • • •
115I n ( n ,p ) l l 6 In  
m o d ^ ^ I^  n , l ^ ^ l n  
64Z n (n ,p )64C.ti 
26P e (n f p )55Mn
to n
and C (n ,2n) C
U sing th e  a c tiv a tio n a  d e te c to r  s e t ,  S tra n d e n 'o b ta in e d  knowledge
o f  th e  n e u tro n  s p e c t r a l  shape, b u t th e  p u b l ic a t io n  does n o t in d ic a te
th e  f lu x  d e n s ity  r e s u l t s  i n  d e t a i l  i n  each energy  s l o t ,  th e  p aper
12 11s ta t e s  t h a t  com peting r e a c t io n s  a re  allow ed f o r ,  b u t th e  C (p ,n) C 
r e a c t io n  would-produce th e  m a jo r i ty -o f  th e  a c t i v i t y  i f  .p laced  i n  th e  
high energy  photon  beam, and i t  would n o t be p o s s ib le  to  d e te c t  th e  
r e l a t i v e l y  sm all n e u tro n  c o n tr ib u t io n .
I t  i s  p a r t i c u l a r l y  d i f f i c u l t  to  make com parisons w ith  t h i s  
p u b lish ed  work, a s  S tran d en  h as  o m itted  to  s t a t e  a t  which energy  th e  
machine was o p e ra t in g  f o r  th e  ex p erim en t, a lth o u g h  com parisons a re  
made i n  th e  p ap er w ith  o th e r  p u b lish e d  work re g a rd in g  m easurem ents 
taken  a t  31 MeV. ( P r iv a te  com m unication w ith  Axton im p lie s  42 MeV.)
N e v e r th e le s s , th e  r e s u l t s  a re  i n t e r e s t i n g .  A n e u tro n  contam­
in a t io n  f a c to r  o f  1 .9  x 105 ncm ^ rad""'*' was o b ta in e d , which g iv e s  a 
BE to  tre a tm e n t Xray dose r a t i o  o f  0 .0042 , id e n t i c a l  to  th e  SL75—20 
r e s u l t s .
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S tran d en  does n o t u se  a d i f f e r e n t  s p e c t r a l  shape f o r  i n  beam and
ou t o f  beam c o n d i t io n s ,  ex cep t on re a c h in g  a d is ta n c e  o f  1 m etre
o u ts id e  th e  beam. The used BE co n v ers io n  f a c to r s ,  when compared to  
4 6
ICRP 21, g iv e  a p p a re n t mean e f f e c t iv e  e n e rg ie s  o f  betw een 0 .5  MeV 
and 0.575 MeV. T h e re fo re , th e  n eu tro n  s p e c t r a l  shapes a re  v e ry
1 0 3s im ila r  to  th e  c a lc u la te d  shapes produced by McCall and Swanson.
f o r  therm al n eu tro n s  
f o r  t o t a l  n eu tro n s  
f o r  n eu tro n s  g r e a te r  than  4 MeV 
f o r  n eu tro n s  g r e a te r  th an  7f»5 MeV 
f o r  n eu tro n s  g r e a te r  than  20 MeV
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The therm al n e u tro n  f lu e n c e  r e s u l t s  which were n e a r ly  i s o t r o p ic  
th roughou t th e  tre a tm e n t room a t  3 x 10^ to  1 x 10^ ncm ^ ra d  \  a re  
id e n t i c a l  to  th e  SI/75-20 r e s u l t s .
8 9
A sard , i n  19^8, u s in g  an A ndersson and Braune rem c o u n te r , 
measured n e u tro n s  a r i s i n g  from a 17. MeV "beta tron  i n  a  c o n tro l  room. 
Pulsed n eu tro n  e f f e c t s  were e v id e n t from th e  re sp o n se  o f  th e  i n s t r u ­
ment, a s  were th e  e f f e c t s  from gamma r a y s .  These problem s were o u t­
l in e d  i n  t h i s  t h e s i s ,  i n  C hapter 3, re g a rd in g  cho ice  o f  in s tru m e n ts , 
and f o r  th e s e  re a so n s  no m easurem ents were tak en  in s id e  th e  tre a tm e n t 
room.
—q
For a 16 .5  MV Xray beam o p e ra t in g  a t  an i n t e n s i t y  o f  27 radm in
&1
a t  50 cm. FSD, a DE r a t e  o f  20 mrerahr was o b ta in ed  o u ts id e  th e
tre a tm e n t room d o o r, a t  ap p ro x im a te ly  3 m etres  d is ta n c e  from th e
tre a tm e n t head . No d e t a i l s  a r e  g iven  r e g a rd in g  th e  door m a te r ia l
8 9
o r  th ic k n e s s .  A sard sim ply  s t a t e s  t h a t  i t  produced " in s u f f i c i e n t  
p r o te c t io n ."
E x tra p o la t in g  to  th e  SL75—20 machine c o n d itio n s  o f  100 radm in ^
a t  100 cm. d is ta n c e  from t a r g e t ,  produces an ap p a ren t DE r a t e  o u ts id e
—1
th e  b e ta t r o n  room door o f  300 mremhr •
At a s im i la r  d is ta n c e  from th e  SL75“*20 tre a tm e n t head , th e  mod­
e ra te d  ^ ^ I n ( n , 7 )^ ^ In < * a c tiv a t io n  d e te c to r  gave a f lu x  d e n s i ty  o f  
—2 —155640 ncm s (pos.31>  pages 73 and 74)* U sing a DE co n v e rs io n
4 6
f a c to r  from ICEP 21 f o r  a v e ry  s o f t  spectrum  i n  a c o n c re te  room, a s
1 0 3  - 2 - 1  - 1suggested  by McCall and Swanson, o f  14 ncm s to  g iv e  1 mremhr
(a p p a ren t mean e f f e c t iv e  energy  o f  0 .5  MeV) g iv e s  a DE f ig u r e  o f  
3974 mremhr A llow ing an o p t im is t ic  h a l f  v a lu e  th ic k n e s s  to
n eu tro n s  produced by th e  door, g iv e s  a co rresp o n d in g  DE o f  19^7 
a re n to -1 .
These f ig u r e s  g iv e  a DE to  main Xray beam r a t i o  o f  0 .33  mremrad ^ 
f o r  th e  SL75—20 l i n e a r  a c c e le r a to r ,  and 0.05  mremrad f o r  th e  
b e ta t r o n ,  b o th  m achines o p e ra t in g  on s im i la r  e n e rg ie s .
B ea rin g  i n  mind th e  d i f f i c u l t i e s  and c o n se q u e n tia l u n c e r t a in t ie s
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involved  in  the comparison, i t  would appear th a t the neutron y ie ld  
from the SL75-20 l in e a r  a cc e lera to r  i s  considerab ly  h igher than the  
neutron y ie ld  from the b eta tron ,
102
L ofgren  and S p rin g , 1970, u s in g  g la s s  fission '*  fragm ent t ra c k  
p la te s  c o a ted  w ith  uranium  o x id e , c a r r ie d  o u t measurements on a 
32 MeV b e ta t r o n .  The d o s im e te rs  were c a l ib r a te d  a g a in s t  AmBe n eu tro n  
so u rc e s , and th e  en ergy  spectrum  o f  th e  a c c e le r a to r  c a lc u la te d  th e o r ­
e t i c a l l y ,  The assumed spectrum  and ap p a re n t resp o n se  o f  th e  d e te c to r  
a re  g iv en  i n  F ig .  7*1*7*
•  N e u t r o n  s p e c t r u m
*  F i s s i o n  c r o s s - s e c t i o n
0 . 0 6 -
M .C  o
S  0  0 i -
g  . 0 X 3 ' f - C . 6
_  0.02-
0 . 01-
(MeVlN e u t r o n  e n e r g y
F ig . 7#1*7* Spectrum  o f  th e  n eu tro n  r a d i a t io n  from th e
b e ta t r o n  and c r o s s - s e c t io n s  f o r  n a tu r a l  uranium  c a lc u la te d
w ith  th e  a id  o f  th e  v a lu e s  p u b lish e d  by Schm idt, c i t e d  i n  R e f , 102
(L ofg ren  and S p rin g , 1 9 70)102
Superim posed a re  th e  approxim ate n e u tro n  s p e c t r a l  shapes 
f o r  a 15 MeV l i n e a r  a c c e le r a to r  hav ing  energy  degraded due 
to  i n e l a s t i c  s c a t te r in g  w ith  h igh  Z c o l l im a to r  m a te r ia l .
(McCall and Swanson, 1979)103
102
L ofgren*s and S p r in g 's  r e s u l t s  a re  in c r e d ib ly  low . An average  
DE main Xray beam r a t i o  o f  0 ,014  -  0.006 mremR i s  g iv en  f o r  th e  
measurement i n  a i r  i n  th e  c e n tr e  o f  th e  main beam a t  a  d is ta n c e
from th e  t a r g e t  o f  80 cm. The maximum was 0 .039 ~ 0»006 mremhr
-t- 3 —2_—1These f ig u r e s  co rrespond  to  1 .8  — 0 .7  x 10 ncm a. and
+ 3 —15 .1  -  0 .7  x 10 ncm k r e s p e c t iv e ly .  The measurement i n  th e
shadow o f  th e  f i e l d  d e f in in g  diaphragm s o r  o u t o f  beam r e s u l t  was 
id e n t i c a l  to  th e  i n  beam av erag e  f ig u r e .
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102
L ofgren  and S p rin g  can n o t e a s i ly  e x p la in  t h i s  q u i te  un ique low 
r e s u l t ,  compared to  th e  r e s u l t s  o f  many o th e r  w orkers on s im i la r  
m achines, where th e  f ig u r e s  a re  g r e a te r  “by f a c to r s  o f  25 to  300#
They su g g es t t h a t  m easurem ents c a r r ie d  o u t by o th e r  w orkers in c o rp ­
o ra te d  a c tiv a tio n *  d e te c to r s  which cou ld  have been  a f f e c te d  by th e  
y- ro en tg en , b e ta  o r  p ro to n  r a d i a t io n  p r e s e n t ,  and th a t  th e s e  e f f e c t s  
could have s tro n g ly  in f lu e n c e d  th e  r e s u l t s #  They cla im ed  th a t  th e  
tra c k  p l a t e  method would n o t be s e n s i t iv e  to  th e s e  e f f e c t s .
102
To s u b s ta n t i a t e  t h e i r 1 t r a c k  p la t e  f ig u r e s ,  L ofgren  and S p rin g  
a lso  p re s e n t  r e s u l t s  o b ta in e d  from a  BF3 p ro p o r t io n a l  co u n te r  p laced  
i n  th e  main beam, b u t  no e x p la n a tio n  i s  o f fe re d  fo r  i n t e r p r e t i n g  th e  
r e s u l t s ,  c o n s id e r in g  th e  alm ost in su rm o u n tab le  problem s due to  p u ls in g  
e f f e c t s ,  in s tru m e n t dead tim e e f f e c t s ,  h ig h  gamma f lu x  background, RF 
e f f e c t s  and gamma n e u tro n  e f f e c t s ,  on th e  d e te c to r  m a te r ia ls#
E ith e r  t h i s  p a r t i c u l a r  b e ta t r o n  was a lm o st f r e e  from  n e u tro n  p ro ­
d u c tio n , o r  a l l  th e  r e s u l t s  from numerous r e s e a r c h e r s  a r e  i n  doubt#
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A lte r n a t iv e ly ,  th e  c a l i b r a t io n  f ig u r e  used  by L ofgren  and S p rin g  i s  
in c o r r e c t  by a t  l e a s t  a f a c to r  o f  20#
1 0 3
The s ta te m e n t by  McCall and^Swanson t h a t  c a l ib r a t io n !  o f  th re s h o ld  
252d e te c to r s  u s in g  Cf cou ld  be c o n s id e ra b ly  i n  e r r o r ,  h as  a lre a d y  
been made# I t  i s  c l e a r  from F ig .  7«1»7*> t h a t  th e  d e te c to r  re sp o n se  
i s  v i r t u a l l y  r io n -e x is ta n t below 1 MeV, and i s  r i s i n g  s h a rp ly  a t  th e  
peak o f  th e  assumed b e ta t r o n  spec trum . Superim posed, i n  F ig .  7*1*7** 
a re  th e  s o f t  f i s s i o n  l i n e a r  a c c e le ra to r -  i n  beam n eu tro n  spectrum  and 
th e  v e ry  s o f t  o u t o f  beam n e u tro n  spectrum , produced by p a s s in g  th ro u g h  
high  Z m a te r ia l  and s c a t t e r in g  i n  a c o n c re te  room#
The n eu tro n  spectrum  o f  AmBe i s  c o n s id e ra b ly  d i f f e r e n t  from th e  
252n eu tro n  spectrum  o f  Cf, and th e r e f o r e ,  would produce even g r e a te r
e r r o r s .  I n  f a c t ,  i f  th e  a c tu a l  b e ta t r o n  n e u tro n  spectrum  was s e v e re ly
degraded , due to  i n e l a s t i c  c o l l i s i o n s ,  a s  su g g ested  by McCall and 
1 0 3
Swanson, i t  i s  u n l ik e ly  th a t  a uranium  f i s s i o n  t r a c k  p l a t e  would 
a c tu a l ly  d e te c t  much more th an  a  few p e r  c e n t o f  th e  n e u tro n  f lu e n ce#
9 8
Fox and M c A llis te r  i n  1977* d isc o u n te d  th e  r e s u l t s  g iv en  by L ofgren  
102
and S p rin g , p o in t in g  o u t t h a t  th e  average  c ro s s  s e c t io n  f o r  th e
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uranium d e te c to r ,  rep roduced  i n  F ig .  7*1*7*, was in c o r r e c t  by a
9 8
f a c to r  o f  f iv e .  In  th e  same p u b l ic a t io n ,  Fox and M c A llis te r  gave
r e s u l t s  from m easurem ents o b ta in e d  from a  25 MeV b e ta t r o n ,  u s in g  a 
27Mg a c t iv a t io n i  d e te c to r#  They gave a  f lu e n c e  to  Xray dose r a t i o  o f  
4*8 i  1 .5  x 10^ n cn f^ rad  ^ a t  100 cm. from th e  t a r g e t  f o r  an  18 MeV 
Xray beam. A la r g e  f l a t t e n i n g  f i l t e r  was used  and th e  f i e l d  s iz e  
was 20 cm. x 20 cm. The f lu e n c e  to  Xray dose r a t i o  from th e  SL75—20 
m achine, reco rd ed  i n  t h i s  t h e s i s ,  i s  a f a c to r  o f  3*75 h ig h e r  th a n  t h i s  
f ig u r e .
^ 97F ro s t  and M ichel, 1964* u s in g  a c t iv a t io n ' d e te c to r s ,  determ ined  
th e  t o t a l  in c re m en ta l DE due to  (P ,n )  p ro d u c tio n  i n  th e  a c c e le r a to r  
m a te r ia ls ,  and th e  ( V9n)  r e a c t io n s  produced i n  th e  p a t i e n t .  A t o t a l  
DE o f  0 .1  rein was o b ta in e d  f o r  a  34 MeV b e ta t r o n  Xray beam.
1 0 6
P o h l i t ,  I960 , u s in g  m oderated indium  f o i l  d e te c to r s ,  c a r r ie d  o u t 
measurements on a 35 MeV b e ta t r o n ,  to  a s c e r t a in  th e  in c re m e n ta l DE to  
th e  p a t i e n t .  A c e n t r a l  a x is  DE o f  2*5 mrem was o b ta in e d , which 
decreased  to  1 .0  mrem o u ts id e  th e  beam a t  a d is ta n c e  o f  50  cm*
9 6
E ip p er and M anegold, 1970, conducted  a s e r i e s  o f  n e u tro n  m easure­
ments on a 42 MeV b e ta t r o n ,  u t i l i s i n g  a  boron  t r i f l u o r i d e  co u n te r  i n  a 
double m oderator and an AEC n e u tro n  m o n ito r, ty p e  ELM 714 IMS.
U sing th e se  in s tru m e n ts , t h e 1 th e rm a l, in te rm e d ia te  and f a s t  n e u tro n  
components, were measured i n  th e  i n s t a l l a t i o n ’ s  la b y r in th .  The 
tre a tm e n t room e n tra n c e  to  th e  la b y r in th  was p a r t i c u l a r l y  wide a t  3 
m etres , and th e  s t r a i g h t  s e c t io n ,  a f t e r  th e  90°  bend, was some 6^ 
m etres i n  le n g th .  A ll th re e  n e u tro n  energy  components e x h ib i te d  
id e n t ic a l  transm ission :' f a c to r s  a lo n g  th e  s t r a i g h t  se c tio n i, a f t e r  th e  
bend. T h is  can n o t be e a s i ly  e x p la in e d  i n  term s o f  th e  l a r g e  w id th
o f  th e  la b y r in th ,  o r  th e  h ig h  a c c e le r a to r  en e rg y , as  S tev en so n ’ s 
1 0 8
and S q u ie r* s  m easurem ents,. g iv e n  i n  F ig .  ■7*l»6*i, show t h a t  even a t  
GeV e n e rg ie s , and i n  th e  s e c t io n  b e fo re  th e  bend, th e  th e rm a l n e u tro n s  
a re  seen  to  d ec re a se  a t  a  l e s s e r  r a t e  th a n  th e  f a s t  n e u tro n  com ponents. 
In  f a c t ,  th e  w e ll known therm al n eu tro n  s tre am in g  e f f e c t  i s  c l e a r l y  
e v id e n t.
A DE r a t e  o f  0 .6  mremhr ^ f o r  an  i s o c e n t r i c  Xray exposu re  r a t e  o f  
100 Emin ^ was o b ta in e d  a t  th e  c o n tro l  room e n tra n c e , and i t  was
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c o n c lu d e d  t h a t  a  s p e c i a l  s h i e l d  door-, i n c o r p o r a t i n g  m o d e r a t in g  
m a t e r i a l ,  w as n o t  r e q u i r e d .  C o m p a riso n  b e tw e e n  t h e  b e t a t r o n  an d  t h e  
SL75—20 l a b y r i n t h  r e s u l t s  i s  a g a i n  d i f f i c u l t ,  t h e  l i n e a r  a c c e l e r a t o r  
l a b y r i n t h  b e i n g  a  d i f f e r e n t  s h a p e  a n d  much n a r r o w e r .  H o w ev er, a t  a  
p o i n t  a p p r o x i m a t e ly  3 m e t r e s  down t h e  s t r a i g h t  s e c t i o n s  o f  b o th  i n s t a l l ­
a t i o n s  f o r  a  g i v e n  i s o c e n t r i c  d o s e  r a t e ,  t h e  n e u t r o n  DE p r o d u c e d  b y  
t h e  SL75*~20 m a c h in e  w as t h r e e  t im e s  t h a t  o f  t h e  b e t a t r o n .
F i n a l l y ,  f o l l o w i n g  a  p r i v a t e  c o m m u n ic a t io n  w i th  E . J .  A x to n , t h e
l a t e s t  r e s u l t s  c a r r i e d  o u t  o n  a n  S L 7 5 -2 0  l i n e a r  a c c e l e r a t o r  w e re  m ade
9 2
a v a i la b le .  Axton and B a rd e ll ,  1979* i n  t h e i r  most r e c e n t  work, used 
th e  m u ltisp h e re  m ethod, in c o rp o ra t in g  go ld  f o i l s  a s  i n  p re v io u s  meas­
u rem ents, b u t  u s in g  a  range  o f  sp h ere  s i z e s .  The d iam e te rs  of. th e  
po ly th en e  sp h e res  were 2 in ch es  (5*1 3 in c h e s  (7*62 cm), 5 in c h e s
(1 2 .7  cm), 8 in c h e s  (2 0 .3  cm), 10 in c h e s  ( 25*4 cm) and 12 in c h e s  
( 30.48  cm).
T he s p h e r e  e f f i c i e n c i e s  w e re  c a l c u l a t e d  u s i n g  M onte  C a r lo  m e th o d s ,  
an d  t h e n  c h e c k e d  a g a i n s t  t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y 's  t h e r m a l  
co lu m n  a n d  a n  SbBe n e u t r o n  s o u r c e .
The r e s u l t s  from th e  16 MeV photon beam w ith  a f i e l d  s iz e  o f  
30 cm. x 30 cm. a r e  g iv en  i n  T ab le  7*1*9•
I t  c a n  b e 's e e n  t h a t  t h e  DE f i g u r e s  a r e  lo w e r  b y  b e tw e e n  1 7 $  a n d  
4 0 $  o n  t h e  m e a s u re m e n ts  c a r r i e d  o u t  i n  t h e  1 9 7 2  e x p e r im e n t ,  b u t  t h e  
f l u e n c e  t o  X ra y  d o s e  r a t i o  i s  h i g h e r  b y  b e tw e e n  6 0 $  t o  o v e r  1 0 0 $ .
T he i n  beam  DE f i g u r e  i s  w i t h i n  a  fe w  p e r c e n t  o f  t h e  f i g u r e  
p r e s e n t e d  i n  t h i s  t h e s i s ,  a l t h o u g h  t h e  f l u e n c e  t o  X ra y  d o s e  r a t i o  i s  
a c t u a l l y  h i g h e r .
T he m ore  s o p h i s t i c a t e d  m e a s u re m e n t t e c h n i q u e  u s e d  b y  A x to n  a n d  
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B a r d e l l  i n .  t h i s  l a t e s t  e x p e r im e n t ,  y i e l d s  f a r  m ore i n f o r m a t io n !  o n  t h e  
n e u t r o n  s p e c t r a l  s h a p e  fro m  a  m e d ic a l  a c c e l e r a t o r ,  t h a n  h a s  b e e n  p r o ­
d u c e d  b y  a n y  o t h e r  r e s e a r c h e r s .  T h i s  i s  p a r t i c u l a r l y  s o  a t  n e u t r o n
e n e r g i e s  b e lo w  1 MeV. From  t h e  f i g u r e s  g i v e n  i n  T a b le  7f*l*9*> i ^ e
—2 —1i n  beam  a v e r a g e  e f f e c t i v e  DE c o n v e r s i o n  f a c t o r  i s  1 5 * 2 8  ncm s  t o  
g i v e  1 m rem hr ,  w h ic h  c o r r e s p o n d s  t o  a  m ean e f f e c t i v e  e n e r g y  o f
0.475 MeV.
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TABLE 7 .1 .9 .
•MEASUREMENTS OBTAINED FROM AN SL75-20 LINEAR ACCELERATOR 
WITH 16 MeV PHOTON BEAM USING; AN EXTENDED- MULTI SPHERE METHOD
Fluence to  Xray 
dose r a t i o
-2  , -1ncm ra d
In  Beam Out o f  Beam 
L e ft R ig h t
2 .41  x 105 1.55  * 105 1 .4 4  x 105
DE to  Xray 
dose r a t i o
remrad*"'*' 4 .3 8  x i ( T 3 1 .5 4  x 10~3 1.497 x 10“ 3
Axton and B a rd e ll  (1979 ) 92 
—2 -1The co rre sp o n d in g  o u t o f  Beam f ig u r e s  a re  27 ncm s and 0.25 
MeV r e s p e c t iv e ly .
W hile th e  i n  "beam f ig u r e  p re se n te d  i n  t h i s  th e s i s  does n o t m e r it  
f u r th e r  a d ju s tm e n t, th e  o u t o f  beam f ig u r e  g iv en  by Axton and B a rd e ll-92 . 
su g g ests  t h a t  th e  DE f ig u r e  o b ta in e d  u s in g  th e  m oderated indium  — 
phosphorug method co u ld  be red u ced  f u r th e r .  T h is im p lie s  t h a t  th e  
p o ly th en e  th ic k n e s s ,  g iv en  i n  Page 219 fo  red u ce  th e  n e u tro n  contam­
in a t io n  to  0 .1 $ , co u ld  be h a lv e d , assum ing t h a t  th e  l a t e s t  f ig u r e s
9 2
g iven  by Axton and B a rd e ll  r e p re s e n t  a maximum. C onsequen tly , to  
reduce th e  t o t a l  n e u tro n  gamma DE to  0 .1 $ , would r e q u ir e  16^8 cm. and
no t 18 cm. a s  p re v io u s ly  s t a t e d .
There i s  i n s u f f i c i e n t  ev idence  to  show t h a t  th e  n e u tro n  y ie ld s  
a re  a t  maximum. T h e re fo re , th e  o r ig in a l  th ic k n e s s e s  su g g ested  would 
a llow  some m argin  o f  s a f e ty .
92
Axton and B a rd e ll  a ls o  show t h a t  th e  s iz e  o f  th e  tre a tm e n t f i e l d
does n o t g r e a t ly  a l t e r  th e  f lu e n c ie s  o b ta in e d  i n  and o u t o f  th e  beam.
C o n sid e rin g  th e  d i f f e r e n c e s  i n  measurement te c h n iq u e s  and th e  
e r ro r s  in v o lv e d , th e  fac-t t h a t  th e  m oderated indium  d e te c to r  was 
c a l l i b r a t e d  w ith  th e  r e l a t i v e l y  h ig h  energy  n e u tro n s  from an AmBe
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source and t h a t  r e a l  d if f e r e n c e s  i n  t o t a l  n e u tro n  y ie ld  must occur 
between one m achine and a n o th e r , even o f  th e  same ty p e , th e  r e s u l t s  
o f  m easurem ents in s id e  th e  tre a tm e n t room, p re se n te d  i n  t h i s  t h e s i s ,  
a re  in< v e ry  good agreem ent w ith  bo th  th e  e a r l i e r  and l a t e r  r e s u l t s  o f  
Axton and B a rd e l l .  90 91 92
TABLE 7 .1 .1 0 .
NEUTRON YIELDS PROM MEDICAL ACCELERATORS
A c c e le ra to r R ef Energy
MeV
. . F ie ld  
2cm
SSD
cm
N eutron f lu e n c e  p e r  ra d  
o f  tre a tm e n t dose
-2  ,-1cm ra d
I n  Beam Out o f  Beam
B e ta tro n 102 32 10 X  10 80 0 .51  x  104 0 .18  x  104
B e ta tro n 9 1 33 25 x 25 100 18 x  104 5 *  19  a
B e ta tro n 107 32 10 x 10 100 130 x  104 85 x  10*
B e ta tro n 1 13 19 7.6  x 11 .4 50 73 x 104 1 7  x  1 0  AB e ta tro n 104 25 10 x 10 100 1 3 .6  x  10* 10 .1  X  10*
B e ta tro n 104 45 10 x 10 110 1 4 .4  x 10* 10 X  10*
B e ta tro n 98T 18 20 x 20 100 4 .8  x 10*
B e ta tro n 9 8 23 20 x 20 100 6 .2  x 10* 2 .9  X  10*
Lihac 91 16 25 x 25 100 15 x 10* 7 .1  X  10*
Linac 1 1 3 25 10 x 10 100 180 x 10* 28 x 10*
Linac 9 2 16 30 x  30 100 24 .1  x 10* 1.55  X 104
Linac- P 16 32 x 32 100 18 x 104 10 .8  x 10*
U n fo r tu n a te ly , v e ry  l i t t l e  in fo rm a tio n  i s  a v a i la b le  f o r  th e  
com parison o f  th e  la b y r in th  r e s u l t s .  The a p p a ren t n e u tro n  y ie ld s  
from b e ta t r o n s  m easured by v a r io u s  r e s e a r c h e r s ,  to g e th e r  w ith  th e  
r a th e r  meagre r e s u l t s  from l i n e a r  a c c e le r a to r s ,  a re  g iv en  i n  T able 
7 .1 .1 0 . (D ata  l im i te d  to  machine e n e rg ie s  g r e a te r  th a n  16 MeV.)
The ta b le  shows th a t  th e  i n  beam to  o u t o f  beam r a t i o s  v a ry  
c o n s id e ra b ly .
Ig n o rin g  th e  d if f e r e n c e s  produced by th e  v a ry in g  f i e l d  s iz e s ,  
th e  i n  beam a p p a ren t n eu tro n  y ie ld s  a re  p lo t te d  a g a in s t  energy  i n  
F ig . 7*1*8. ( in c lu d e d  i s  o th e r  d a ta  g lean ed  from th e  non -exhausted  
l i t e r a t u r e . )
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ft "F ig . 7*1*8. The m easured n e u tro n  f lu e n c e  p e r  ra d  o r  R ontgen o f  
tre a tm e n t beam f o r  a v a r i e ty  o f  m edical a c c e le r a to r s  
* N orm alised to  100 cm.
I t  i s  show n t h a t  e v e n  th o u g h  t h e  l i n e a r  a c c e l e r a t o r  n e u t r o n  
y i e l d s  a r i s e  fro m  t h e  lo w e r  e n d  o f  t h e  a c c e l e r a t o r  e n e r g y  r a n g e ,  
t h e y  a r e  o n  a v e r a g e  g r e a t e r  t h a n  t h e  b e t a t r o n  y i e l d s .  T h i s ,  
c o u p le d  w i t h  t h e  f a c t  t h a t  t h e  l i n e a r  a c c e l e r a t o r  h a s  a  m uch 
g r e a t e r  beam  p o w er o u t p u t ,  s u g g e s t s  t h a t  t h e  p a t i e n t  d o s e  d u e  t o  
c o n ta m in a t io n  n e u t r o n s  i s  h i g h e r ;  a n d  o f  g r e a t e r  c o n c e r n , . •_t h e  .. 
h a z a r d  t o  o p e r a t i n g  s t a f f ,  i n c r e a s e d .  H o w ev er, a s  show n i n  t h i s  
t h e s i s ,  t h e  p a t i e n t  d o s e  c a n  b e  r e d u c e d  b y  p l a c i n g  a ; s im p le  p o l y t h e n e  
s h i e l d  b e tw e e n  t h e  m a c h in e  h e a d  a n d  t h e  p a t i e n t .  T he o p e r a t o r  h a z a r d  
c a n  b e  l e s s e n e d  b y  i n c o r p o r a t i n g  b o r o n  l o a d e d  p o l y th e n e  t i l e s  a l o n g  
t h e  l a b y r i n t h .  T he  tw o s o l u t i o n s  a r e  i n e x p e n s i v e  a n d  v e r y  e f f e c t i v e .
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